






Interactions of Fusarium virguliforme with Other Common Soybean Root 
Pathogens and the Soybean Aphid 
 
 
A THESIS  
SUBMITTED TO THE FACULTY OF THE GRADUATE SCHOOL  




Alissa Pauline Geske 
 
 
IN PARTIAL FULFILLMENT OF THE REQUIREMENTS  







brought to you by COREView metadata, citation and similar papers at core.ac.uk

























I would like to thank my advisor Dr. Dean Malvick for giving me the opportunity 
to work on sudden death syndrome in Minnesota. I am very grateful for his guidance and 
continued support throughout the highs and the lows of my graduate work. I would also 
like to extend a special thanks to Dr. Robert Koch for serving on my committee and for his 
insightful suggestions and advice on the soybean aphid portion of my research. In addition, 
thank you to Dr. Ashok K. Chanda for graciously accepting to serve on my committee and 
for providing valuable input when necessary.  
 I am grateful for the members of the Malvick lab including Crystal Floyd, Rebecca 
Hall, and Pratibha Sharma for their emotional support and teamwork. I would like to 
especially thank Crystal Floyd for her thoughtful advice throughout my graduate work. Her 
experience and expertise in the field and lab served as an invaluable resource during my 
research. I am also very grateful for all the members of the Koch lab, specifically Zach 
Marston, James Menger-Anderson, Theresa Cira, and Arthur Vieira Ribeiro for their help 
with all the entomology components of my research. In addition, I appreciate the 
collaborative efforts of Dr. Erin Hodgson and Gregory VanNostrand from Iowa State 
University for their assistance with the soybean aphid project.  
To the many undergraduate research assistants from the labs of Drs. Malvick, Koch, 
and Hodgson, I am extremely thankful for all your hard work and patience during 
experimental set ups and data collection. Without your help, none of this work would have 
been possible. Lastly, I would like to recognize Kimon Karelis for his help with field trials 
at the University of Minnesota Outreach, Research, and Education (UMore) Park, your 
dedication and hard work does not go unnoticed.  
Finally, I would like to acknowledge the Agriculture and Food Research 
Initiative of the USDA National Institute of Food and Agriculture and the Minnesota 









To my loving parents, Rick and Lisa, who taught me that with love and patience,  

























TABLE OF CONTENTS 
ACKNOWLEDGMENTS ................................................................................................. i 
DEDICATION................................................................................................................... ii 
TABLE OF CONTENTS ................................................................................................ iii 
LIST OF TABLES ............................................................................................................ v 
LIST OF FIGURES ......................................................................................................... vi 
ABSTRACT ....................................................................................................................... 1 
LITERATURE REVIEW ................................................................................................ 3 
Soybean Production ........................................................................................................ 3 
Significant soybean diseases ........................................................................................... 3 
History of sudden death syndrome ................................................................................. 4 
SDS biology and disease cycle ....................................................................................... 5 
SDS disease management ............................................................................................... 6 
Resistance ................................................................................................................... 6 
Fungicidal seed treatments. ........................................................................................ 6 
Interactions between soybean cyst nematode and SDS. ............................................. 7 
Tillage ......................................................................................................................... 7 
Crop rotation .............................................................................................................. 8 
Planting date. .............................................................................................................. 9 
Interactions between Fusarium spp. and soybean root pathogens .................................. 9 
Interactions among Fusarium spp. ................................................................................ 11 
Pathogenic Fusarium on soybean roots ........................................................................ 13 
Soybean Aphid in the United States ............................................................................. 14 
Soybean Aphid as an Agricultural Pest ........................................................................ 15 
Soybean Aphid life cycle in North America ................................................................. 15 
Soybean Aphid Management ........................................................................................ 16 
Cross-compartment interactions between herbivores and pathogens ........................... 18 
Conclusion .................................................................................................................... 21 





Introduction ................................................................................................................... 27 
Materials and Methods .................................................................................................. 31 
Isolate Selection ........................................................................................................ 31 
In vitro temperature growth studies .......................................................................... 32 
In vitro interaction assays ......................................................................................... 32 
Coinfection studies .................................................................................................... 33 
Statistical analysis. ................................................................................................... 36 
Results ........................................................................................................................... 37 
In vitro temperature growth studies .......................................................................... 37 
In vitro interaction assays ......................................................................................... 37 
Coinfection studies. ................................................................................................... 38 
Discussion ..................................................................................................................... 40 
CHAPTER 3 .................................................................................................................... 56 
Introduction ................................................................................................................... 58 
Materials and Methods .................................................................................................. 60 
Fusarium virguliforme inoculum and Aphis glycines populations. .......................... 60 
Large-cage field study............................................................................................... 61 
Small-cage field study. .............................................................................................. 65 
Greenhouse study. ..................................................................................................... 65 
Growth chamber study. ............................................................................................. 66 
Statistical analysis. ................................................................................................... 66 
Results ........................................................................................................................... 68 
Large-cage field study............................................................................................... 68 
Small-cage field study. .............................................................................................. 69 
Greenhouse study. ..................................................................................................... 70 
Growth Chamber Study............................................................................................. 70 
Discussion ..................................................................................................................... 71 






LIST OF TABLES 
Table 2.1. Source of Fusarium virguliforme (Fv), F. acuminatum (Fa), F. oxysporum 
(Fo), F. solani (Fs) and Clonostachys rosea (Cr) isolates included in this study and their 
pathogenicity on soybean. ................................................................................................. 45 
 
Table 2.2. Effect of Fusarium acuminatum (Fa), F. oxysporum (Fo), F. solani (Fs) and 
Clonostachys rosea (Cr) isolates on the radial growth of F. virguliforme (Fv) in dual 
cultures. ............................................................................................................................. 46 
 
Table 2.3. Effect of Fusarium virguliforme (Fv) on the radial growth of F. acuminatum 
(Fa), F. oxysporum (Fo), F. solani (Fs) and Clonostachys rosea (Cr) isolates in dual 
cultures. ............................................................................................................................. 47 
 
Table 2.4. Results from trial one for root rot severity, foliar disease severity, and 
aboveground fresh biomass of soybean plants from pots infested with Fusarium 
acuminatum (Fa), F. oxysporum (Fo), F. solani (Fs), and Clonostachys rosea (Cr) 
isolates alone or with F. virguliforme (Fv) under growth chamber conditions ................ 48 
 
Table 2.5. Results from trial two for root rot severity, foliar disease severity, and whole 
plant fresh biomass of soybean plants from pots infested with Fusarium acuminatum 
(Fa), F. oxysporum (Fo), F. solani (Fs), and Clonostachys rosea (Cr) isolates alone or 
with F. virguliforme (Fv) under growth chamber conditions. .......................................... 49 
 
Table 3.1. Effect of Fusarium virguliforme (Fv) and Aphis glycines on aphid population 
growth and sudden death syndrome (SDS) disease development on soybean in large 
microplot field studies....................................................................................................... 77 
 
Table 3.2. Natural enemies of the soybean aphid, Aphis glycines, found at weekly 
intervals in large soybean microplot field studies infested with aphids or aphids and 
Fusarium virguliforme (Fv). ............................................................................................. 78 
 
Table 3.3. Effect of Fusarium virguliforme (Fv) and Aphis glycines on aphid population 
growth and sudden death syndrome (SDS) development on soybean in the small-cage 
field study.......................................................................................................................... 79 
 
Table 3.4. Effect of Fusarium virguliforme (Fv) and Aphis glycines on aphid population 
growth and sudden death syndrome (SDS) development on soybean under greenhouse 
conditions. ......................................................................................................................... 80 
 
Table 3.5. Effect of Fusarium virguliforme (Fv) and Aphis glycines on aphid population 
growth and sudden death syndrome (SDS) root rot severity on soybean under growth 







LIST OF FIGURES 
Figure 1.1. Minnesota counties confirmed with sudden death syndrome (SDS) as of 2018 
(Personal Communication with D. Malvick, University of Minnesota). .......................... 23 
 
Figure 1.2. Sudden death syndrome disease cycle caused by Fusarium virguliforme (Fv).
........................................................................................................................................... 24 
 
Figure 2.1. Radial growth of Fusarium virguliforme (Fv), F. acuminatum (Fa), F. 
oxysporum (Fo), F. solani (Fs) and Clonostachys rosea (Cr) isolates in culture at 15, 20, 
25, and 30°C after 8 days on 0.5 × potato dextrose agar. ................................................. 50 
 
Figure 2.2. Growth of Fusarium virguliforme (Fv, left side in each photograph) in the 
presence of F. acuminatum (Fa), F. oxysporum (Fo), F. solani (Fs) and Clonostachys 
rosea (Cr) test isolates (right) in culture on 0.5× potato dextrose agar after 8 days of 
growth at 25°C. ................................................................................................................. 51 
 
Figure 2.3. Soybean root rot symptoms on plants from pots infested with Fusarium 
virguliforme (Fv), F. acuminatum (Fa), F. oxysporum (Fo), F. solani (Fs) and 
Clonostachys rosea (Cr) isolates under growth chamber conditions. .............................. 52 
 
Figure 2.4. Root rot severity of soybean plants from pots infested with F. acuminatum 
(Fa), F. oxysporum (Fo), F. solani (Fs), and Clonostachys rosea (Cr) isolates either alone 
or with Fusarium virguliforme (Fv) under growth chamber conditions from trial one. ... 53 
 
Figure 2.5.  Root rot severity of soybean plants from pots infested with F. acuminatum 
(Fa), F. oxysporum (Fo), F. solani (Fs), and Clonostachys rosea (Cr) isolates either alone 
or with Fusarium virguliforme (Fv) under growth chamber conditions from trial two.... 54 
 
Figure 2.6. Foliar disease severity (FDS) of soybean plants from pots infested with 
Fusarium virguliforme (Fv) and one isolate of the species F. acuminatum (Fa), F. 
oxysporum (Fo), F. solani (Fs), and Clonostachys rosea (Cr) under growth chamber 
conditions from trial one (left) and trial two (right). ........................................................ 55 
 
Figure 3.1. Caged microplots used to study interactions between Fusarium virguliforme 
and Aphis glycines on soybean in field studies. ................................................................ 82 
 
Figure 3.2. Individually caged pots used to study interactions between Fusarium 
virguliforme and Aphis glycines on soybean in a greenhouse. ......................................... 83 
 
Figure 3.3. Cages used to study interactions between Fusarium virguliforme and Aphis 
glycines on soybean in a growth chamber. ....................................................................... 83 
 
Figure 3.4. Effect of Fusarium virguliforme (Fv) on Aphis glycines population growth on 






Figure 3.5. Effect of Aphis glycines on soybean sudden death syndrome (SDS) root rot 
and foliar disease severity in large cage field studies. ...................................................... 85 
 
Figure 3.6. Soybean seed yield in large-cage field studies infested with different 
combinations of Fusarium virguliforme (Fv) and Aphis glycines (aphids). ..................... 86 
 
Figure 3.7. Effect of Fusarium virguliforme (Fv) on aphid population growth on soybean 
in a small-cage field study. ............................................................................................... 87 
 
Figure 3.8. Effect of treatment with Aphis glycines on soybean sudden death syndrome 
(SDS) root rot severity in a small-cage field study. .......................................................... 88 
 
Figure 3.9. Effect of treatment with Fusarium virguliforme (Fv) on aphid population 
growth on soybean under greenhouse conditions ............................................................. 89 
 
Figure 3.10. Effect of Aphis glycines on soybean sudden death syndrome (SDS) root and 
foliar disease development under greenhouse conditions. ................................................ 90 
 
Figure 3.11. Effect of Fusarium virguliforme (Fv) and Aphis glycines on soybean 
biomass under greenhouse conditions. ............................................................................. 91 
 
Figure 3.12. Effect of treatment with Fusarium virguliforme (Fv) on aphid population 







Many diseases reduce soybean (Glycine max) yield every year, with root diseases often 
having the greatest impacts on yield in the Midwestern U.S. One important root pathogen 
of soybean is Fusarium virguliforme (Fv), the causal agent of sudden death syndrome 
(SDS). Even though soybean plants displaying SDS symptoms are commonly attacked by 
multiple fungal pathogens and insects, it is unknown how interactions between Fv and 
other attackers may alter SDS disease development and soybean growth. In our first study, 
we examined potential interactions between Fv and other common soybean root pathogens 
including F. acuminatum, F. oxysporum, F. solani, and Clonostachys rosea. Interactions 
were assessed in vitro and in soybean plants to evaluate their effect on SDS disease 
development and soybean growth. Results from the in vitro studies suggest that the growth 
of Fv was not affected by any of these fungi, but the growth of F. acuminatum and F. 
oxysporum isolates was reduced in the presence of Fv. Further results suggest that 
coinfection of soybean with Fv and C. rosea and Fv and F. solani can reduce SDS foliar 
disease severity and that coinfection of soybean with Fv and F. oxysporum and Fv and F. 
acuminatum can increase SDS foliar severity compared to the Fv-only treatment under 
growth chamber conditions. Coinfections of soybean with Fv and all eight fungal test 
isolates individually did not increase or decrease levels of root rot or plant biomass 
compared to infection by Fv alone.  In our second study, we examined potential interactions 
between Fv and the soybean aphid, Aphis glycines, in greenhouse, growth chamber, and 
field experiments to evaluate their effect on SDS disease development, aphid growth, and 
soybean growth. Overall, the results suggest that Fv and soybean aphids have minimal to 





levels, as was the case in these studies. There was no clear effect of soybean aphid 
herbivory on SDS foliar or root disease development in these studies nor did we detect a 
clear effect of combined soybean aphid herbivory and Fv infection on soybean growth. To 
our knowledge this is the first investigation into potential interactions between Fv and other 



































Soybean (Glycine max (L.) Merr.) is a legume crop originating from East Asia 
and one of the most important crops grown worldwide1. In 2018, 4.54 billion bushels of 
soybean were produced in the United States2 with 389 million bushels produced in 
Minnesota alone3. Soybeans are harvested for their meal and oil. Roughly 70% of all 
soybeans produced in the United States are fed to livestock, with poultry being the largest 
consumer, 15% are used for human consumption, and 5% used for biodiesel production. 
The remainder of soybean produced in the U.S is used for a variety of industrial uses 
such as paints, cleaners, and plastics4. Although soybean is a well-suited crop for large 
areas of the United States, multiple biotic (especially diseases and insects) and abiotic 
stresses reduce production every year. 
Significant soybean diseases  
In the United States, soybean production is constrained by many foliar and root 
diseases. The occurrence of soybean diseases varies annually by location and is influenced 
by many factors, including environmental conditions, host resistance, production practices, 
and cropping and disease history5,6. From 2010 to 2013, the top five yield-limiting diseases 
in the northern United States and Ontario, Canada included soybean cyst nematode (SCN) 
(Heterodera glycines Ichinohe), seedling diseases (caused by Rhizoctonia, Pythium, 
Fusarium, and Phytophthora spp.), Phytophthora root and stem rot, sudden death 
syndrome (SDS), and charcoal rot5. In 2010 and 2014, when weather was favorable for 





death syndrome was among the top five most destructive soybean diseases for all years 
between 2010-2014, highlighting its importance in soybean production in Northern United 
States and Ontario, Canada5. 
History of sudden death syndrome 
Sudden death syndrome was first discovered in Arkansas in 1971 by H.J. Walters and 
has since spread to most soybean producing states8. In 1984 SDS was identified in 
Mississippi, Missouri, Kentucky, and Tennessee, and by 1986 SDS appeared in Illinois and 
Indiana8. Since then, the distribution of SDS has increased to include Georgia8, Iowa9, 
Kansas10, Louisiana11, Michigan12, Nebraska13, New York14, North Dakota15, Ohio8, 
Pennsylvania16, South Dakota17, Wisconsin18, Ontario, Canada19, and Minnesota20. 
In 2006 and 2007, SDS was confirmed in 21 Minnesota counties all located north of 
45 ° N from the east to west borders of the state. Efforts to map the distribution of SDS in 
Minnesota have led to the identification of 38 counties (Fig. 1.1) with confirmed SDS in 
soybean ranging as far north as Otter Tail county (D. Malvick, personal communication, 
October 2019). The distribution of SDS is likely to continue to increase throughout the 
upper Midwest, including Minnesota, resulting in new risks to soybean growers in the 
northern soybean-producing areas.   
Outside of the United States and Canada, SDS has also been reported in the South 
American countries of Argentina, Brazil, Paraguay, Bolivia, and Uruguay21. In more recent 
years, surveys conducted in 2013 and 2014 detected SDS for the first time in South Africa22 





SDS biology and disease cycle 
 The causal organism of SDS was initially reported as Fusarium solani f. sp. 
glycines24. Since then, the nomenclature has been revised, and phylogenetic and 
morphological studies have identified seven distinct Fusarium spp. that cause SDS on 
soybean. Within clade II of the Fusarium solani species, F. azuicola25, F. brasiliense21, F. 
crassistipitatum26, F. cuneirostrum21, F. tucumaniae27, F. virguliforme27, and one un-
named Fusarium species in South Africa22 have been reported to cause SDS on soybean. 
Although F. brasiliense, F. cuneirostrum, and F. virguliforme have been documented in 
the United States21, the only species found there causing SDS in soybean has been 
Fusarium virguliforme O’Donnell & T. Aoki (Fv) until recently. In 2019, F. brasiliense 
was first reported to cause SDS in soybean in Michigan28. However, the primary causal 
agent of SDS and most prominent SDS-causing Fusarium species remains Fv in the United 
States. In Minnesota the only confirmed causal agent of SDS to date is Fv. 
Yield losses to soybean resulting from SDS range from slight to 100% on individual 
plants8,29. These losses are a result of two phases of disease development. First, Fv 
colonizes soybean root tissues during the spring causing root rot and crown necrosis (Fig. 
1.2). Second, Fv secretes toxins through the xylem leading to interveinal chlorosis and 
necrosis of foliar tissues30 (Fig. 1.2). This phase typically occurs late in the season during 
soybean reproductive stages and can lead to premature defoliation and pod abortion31. 
Although Fv causes foliar symptoms, the pathogen remains only in the roots and lower 







SDS disease management 
Sudden death syndrome management relies primarily on the use of genetic disease 
resistance 32 and the use of seed treatment fungicides33,34. These may be complemented by 
the use of cultural practices including management of soybean cyst nematode 35–37, crop 
rotation38, tillage39, drainage, and in some cases delayed planting40. However, there are no 
complete sources of resistance to SDS and cultural methods yield inconsistent results.  
Resistance. Planting resistant cultivars is the most effective tool that soybean 
growers have to manage SDS. Unfortunately, breeding for SDS resistance is challenging 
due to the quantitative nature of disease resistance, large environmental influences on 
disease development, and imperfect screening methods40,41. Genetic resistance to SDS is 
governed by multiple quantitative trait loci (QTL), with each QTL providing a small 
contribution to resistance42. Further, SDS foliar severity has a low correlation with root rot 
severity, suggesting that resistance to foliar and root disease is independent41,42. Currently, 
there are no commercial varieties with complete resistance to SDS, but there are many that 
show different levels of partial resistance to the disease in the field33,40. The search for 
effective and durable resistance to SDS continues to be a priority in the development of 
SDS management tools for growers.  
Fungicidal seed treatments. Fungicides are used to complement host resistance to 
SDS or are used when SDS resistance is not available in selected varieties. Although many 
commercially available fungicides are registered for soybean, few are effective in 
managing SDS.  Several of these fungicides were tested prior to 2000 as seed treatments 
for their ability to control SDS disease and none were found to reduce root rot caused by 





was fluopyram (ILeVO; BASF) and was registered as a seed treatment for SDS in 
December 2014. Fluopyram is effective against Fv in vitro34 and reduces SDS while 
increasing soybean yields in field studies33. In September 2019, adepidyn (Saltro; Sygenta). 
was registered as a seed treatment for SDS. Preliminary field trials with adepidyn have 
indicated that it is effective for managing SDS, but further work is needed to confirm these 
results (D. Malvick, personal communication, October 2019). Both fluopyram and 
adepidyn are classified as succinate dehydrogenase inhibitor (SDHI) fungicides and act by 
blocking a crucial enzyme involved in respiration, the mitochondrial enzyme succinate 
dehydrogenase44. 
Interactions between soybean cyst nematode and SDS. SDS and soybean cyst 
nematode (SCN), Heterodera glycines, are commonly found in the same fields8. Often the 
most severe outbreaks of SDS are found in fields where high levels of SCN are also 
present,8,37 suggesting that Fv and SCN may act synergistically to enhance SDS 
development45,46. In field microplot studies, a disease-increasing interaction between SCN 
and Fv has been documented35–37. However, other studies have found no detectable 
interaction between SCN and SDS severity47,48. The inconsistency of results regarding the 
relationship between SCN and Fv and the yield losses associated with both pathogens 
warrants additional research.  
Tillage. Many pathogens, including Fv, can survive on crop residues and can be 
carried over as inoculum for subsequent years. Generally speaking, reduced tillage or no 
till practices increase the risk of disease from soil borne pathogens because these practices 
leave pathogen infested crop residues on the surface, a primary source of pathogen 





disease severity39, but results are inconsistent and conflicting. A study in Missouri reported 
that SDS foliar incidence was higher in no-till fields compared to disk-till or ridge-till50. 
However, the impact that tillage has on soil compaction and moisture may play a more 
important role in managing SDS39,51–53. In one study, the effects that subsoiling with deep 
tillage had on soil compaction, moisture, and the severity of SDS was examined and results 
showed that subsoiling increased soil porosity, reduced soil moisture, and could 
significantly reduce SDS foliar severity54. In addition, another study reported a negative 
correlation between SDS severity and soil macro-porosity, suggesting that increasing soil 
water drainage through tillage could aid in disease suppression55.  
Crop rotation. Crop rotation can significantly reduce the incidence and severity of 
diseases caused by some soilborne pathogens56. Crop rotation with a non-host allows time 
for some pathogen populations to decline in the soil and for the degradation of crop residues 
needed for some pathogens to survive. In some cases, merely rotating away from a host 
crop for an ample amount of time can result in a decrease in the viability of pathogen 
survival structures49. The current research on the use of crop rotation to control SDS, 
however, is inconsistent57–59. This suggests that Fv survives longer or has a broader host 
range than originally thought. One of the earliest reports limited the host range of Fv to 
soybean, mung bean, green bean, lima bean, and cowpea8. Since then, an additional ten 
symptomatic (alfalfa, pinot bean, navy bean, pea, white clover, Canadian milk vetch, sugar 
beet, and canola) and five asymptomatic (corn, wheat, ryegrass, pigweed, and 
lambsquarters) hosts of Fv have been reported38. Additionally, Fv has been shown to 
survive long-term in corn residue60. These findings could provide an explanation for why 





determining the host range Fv has been a crucial step in implementing crop rotation as a 
disease management tool for SDS. 
Planting date. Commonly, when growers plant early in the spring, increases in SDS 
disease severity are seen as a result of wet soils. Root rot symptoms due to Fv colonization 
are more severe in soils with high moisture40,45,54,61, which is likely why SDS epidemic 
years begin with wet spring weather. Although if the rest of the growing season is dry, 
planting in wet soils may not result in high levels of SDS disease7. By planting later, soils 
may become drier, and therefore less favorable for Fv germination and colonization of root 
tissues. However, it is not typically recommended for growers to plant later due to a risk 
of yield reduction29. 
Interactions between Fusarium spp. and soybean root pathogens  
In addition to being attacked by Fv, other pathogenic soilborne fungi and oomycetes 
including Pythium, Phytophthora, Rhizoctonia, and other Fusarium spp. are often found 
infecting soybean roots62,63. Because of the frequency of their isolation and ability to infect 
soybean, understanding the interactions between Fv and these fungal genera would be 
valuable information for implementing disease management strategies. However, only one 
study to date has investigated interactions with Fv specifically. Under greenhouse 
conditions, an experiment was conducted to determine if the presence of both Fv and 
Fusarium graminearum (Fg) resulted in an increased negative impact on soybean growth 
compared with each pathogen alone64. Interestingly, results showed that there was no 
evidence for a negative impact of the Fv + Fg treatment compared with Fv and Fg alone64. 
In addition, a few studies have reported interactions occurring between other Fusarium 





Phytophthora spp. interactions. Synergistic interactions between Fusarium and Pythium 
spp. on pea65, snap bean66, and peanut67 were reported.  A more recent study, however, 
found no interactions between Fusarium and Pythium spp. on seedling disease in 
soybean68. Similarly, the interaction between F. oxysporum and R. solani on soybean root 
rot severity was shown to be additive69, but no interaction was observed between F. solani 
f. sp. phaseoli, and R. solani on snap beans66.  
Clonostachys rosea is another fungus that is often found inhabiting soybean roots62 
and can be a mycoparasite with a saprophytic life phase70. In a Minnesota survey 
identifying fungal and oomycete species associated with soybean roots in 2007 and 2008, 
C. rosea was among the most frequently isolated species62. Historically, C. rosea has been 
of interest due to its potential as a biocontrol agent and has been shown to be a mycoparasite 
on some Fusarium spp71,72. In culture, DNA of F. verticillioides was reduced in the 
presence of C. rosea, suggesting that C. rosea actively destroyed the fungal mycelium of 
F. verticillioides73. Additionally, C. rosea was found to suppress the sporulation of F. 
culmorum and F. graminearum on wheat straw, and of F. culmorum, F. graminearum, F. 
proliferatum and F. verticillioides on maize stalks74. However, more recently, there have 
been reports of C. rosea being pathogenic on soybean75 and faba bean76. On soybean, a 
pathogenic C. rosea isolate caused taproot necrosis and interveinal chlorosis and marginal 
necrosis on leaf trifoliates, and successful isolation of the fungus from petioles of 
symptomatic trifoliates indicated that the fungus colonized the plants systemically75. 
However, the impact of C. rosea infection on soybean production is unknown.  
Unlike interactions between Fusarium and other root pathogens, much more 





because many diseases caused by Fusarium spp. are disease complexes77,78. In a disease 
complex, different pathogen species are responsible for causing damage on a common host. 
Pathogens within a disease complex can overlap spatially and geographically and are 
commonly found coinfecting their hosts79. Co-infecting pathogens may affect each other 
positively (synergism), negatively (antagonism), or not at all (coexistence)80. Therefore, 
pathogen interactions can significantly shape the pathogen community, directly affecting 
disease dynamics and yield79.  
Interactions among Fusarium spp. 
Competition between Fusarium species that occupy the same niche may result from 
one of three interactions: competitive exploitation, interference competition, or parasitic 
fitness81–83. Competitive exploitation refers to the ability of one fungus to obtain resources 
faster than another (i.e. no direct interactions). For example, when grown together in vitro, 
the biomass of the maize pathogens Ustilago maydis and Fusarium verticillioides 
decreased due to the depletion of nutrient resources after an initial period of accelerated 
growth 84. One important component affecting the outcome of competitive exploitation is 
temperature. For example, F. moniliforme was able to outcompete F. graminearum when 
coinoculated on maize ears because of its increased ability to grow at a broader range of 
temperatures compared to the latter82. Interference competition involves a chemical or 
mechanical barrier that limits a competing fungus from obtaining resources from a shared 
substrate. Although not described for interactions among Fusarium spp., other microbes 
have been reported to affect Fusarium spp. through interference competition. For instance, 
an endophytic Phoma sp. colonizing finger millet secretes tenuazonic acid, preventing the 





mechanical barrier was also demonstrated in finger millet with the bacterial species 
Enterobacter, which forms specialized root hairs that prevent entry of F. graminearum and 
trap and kill the fungus 86. Lastly, parasitic fitness refers to the aggressiveness of an isolate. 
This is important for intraspecific competition and has been observed among Fusarium 
species81,82. When rye was coinoculated with four distinct isolates of F. culmorum, disease 
severity was reduced compared to when rye was inoculated with only one isolate81.   
Most documented interactions between Fusarium species have been shown to be 
competitive. For example, a negative correlation of F. moniliforme with both F. 
graminearum and F. subglutinans was documented based on the incidence of the pathogens 
in corn kernels87. In another study performed on Fusarium pathogens that cause Fusarium 
head blight of wheat, it was revealed that different Fusarium species likely compete when 
infecting wheat ears88. Competition between Fusarium spp. can be host mediated, and the 
attack by one species can activate host defenses prior to subsequent infections by another. 
For example, infection of tomato by a nonpathogenic strain of F. oxysporum induced host 
resistance and subsequently reduced colonization of roots by a pathogenic strain of F. 
oxysporum89.  
Interactions between Fusarium species can also be synergistic. For example, foot 
and crown rot of wheat is caused by a complex of Fusarium species (F. graminearum, F. 
culmorum, F. poae, and F. sporotrichioides) and the presence of F. graminearum was 
found to increase the incidence of the other Fusarium species90. In a field study, maize ears 
inoculated with F. graminearum were found to facilitate subsequent infection by F. 
verticillioides91. Fungal infection can suppress host defenses, making the host more 





by F. verticillioides suppresses the production of secondary defense metabolites; therefore, 
aiding in the success of subsequent colonization by several other Fusarium species92.  
Pathogenic Fusarium on soybean roots 
Several pathogenic Fusarium spp. are commonly isolated from soybean roots. In a 
Minnesota survey identifying fungal and oomycete species associated with symptomatic 
soybeans in 2007 and 2008, the most prevalent Fusarium spp. isolated was F. oxysporum, 
followed by F. solani and F. acuminatum63. This agrees with the results from a similar 
survey conducted in Iowa from 2007-200964.  
Fusarium acuminatum Ellis & Everhart is a soil saprophyte found in temperate 
regions across the world93. Although generally a saprophyte and secondary invader 
associated with root, stem, and crown rot diseases on a variety of hosts, some isolates can 
cause root rot in legume species. Legume hosts affected by F. acuminatum include alfalfa, 
pea, and soybean63,93–96. In addition, F. acuminatum has been reported as a root pathogen 
of corn97, sorghum, wheat98, barley99, ginseng100, pumpkin101, clover102, and sugar beet103.  
Fusarium oxysporum Schlechtendahl emend. Snyder & Hansen has the greatest 
known global distribution among the Fusarium spp93. The species includes both plant 
pathogenic and nonpathogenic strains, all of which are commonly found inhabiting soils 
worldwide93. F. oxysporum is an important vascular wilt and root and crown rot pathogen 
of agricultural, garden, and ornamental crops104 and as a species may have caused more 
damage to agricultural crops than any other plant pathogen105. Pathogenic strains of F. 
oxysporum can have a very narrow host specificity. As a result, two subspecific groups 





and races (cultivar-level specialization). To date, 106 formae speciales have been described 
within the F. oxysporum species104.  
Plant pathogenic strains of F. oxysporum can cause root rot and vascular wilting. 
The latter is the most commonly encountered, and symptoms are a result of F. oxysporum 
colonizing the vascular system leading to yellowing and wilting of the plant 106. Vascular 
wilt diseases caused by F. oxysporum include Fusarium wilt, Fusarium blight, and 
Fusarium yellows104. F. oxysporum can also cause root rot symptoms and these diseases 
are called basal rot, Fusarium stem, crown, and/or root rots104.  
Fusarium solani (Marius) Appel & Wollenweber emend. Snyder & Hansen is 
ubiquitous in soil and found worldwide. This species is a complex, comprised of at least 
45 phylogenetic and/or biological species based on morphological and molecular traits, and 
broadly identified as F. solani93. They are saprophytes commonly found in soil and plant 
debris and pathogens of economically important host plants. F. solani has been 
documented as a pathogen across a diverse group of host plants including many legumes 
and tropical plants. Economically important hosts of F. solani include alfalfa, bean, pea, 
soybean, avocado, citrus, cocoyam, cowpea, orchids, passion fruit, squash, pepper, and 
potato93. On soybean, F. solani and F. oxysporum are common causal agents of Fusarium 
root rot disease. Symptoms of Fusarium root rot include poor emergence and productivity, 
stunting, and root rot107.  
Soybean Aphid in the United States 
Soybean aphid, Aphis glycines Matsumura (Hemiptera: Aphididae), native to Asia, 
is an invasive pest in North America. Since its first detection in a Wisconsin soybean field 





soybean throughout the Midwest109. By the end of the summer 2000, SBA was reported in 
10 states including Wisconsin, Michigan, Minnesota, Iowa, Illinois, Indiana, Ohio, 
Kentucky, Missouri, and West Virginia. Between 2000 and 2004, SBA spread quickly 
across the United States and Canada reaching 22 states and 3 Canadian provinces110–112. In 
2009, the geographic range of SBA expanded even further to include 30 states113.  
Soybean Aphid as an Agricultural Pest 
 Before the introduction of SBA into the United States, the use of insecticides on 
soybean fields in the Upper Midwest was infrequent, with less than 0.1% of soybean 
acreage receiving applications113. In comparison, insecticides were applied to 16% of 
soybean acreage in 2018114, primarily for soybean aphid management, indicating that the 
SBA resulted in a dramatic increase in the use of insecticides for soybean production111. 
Infestation symptoms of soybean by SBA include wrinkled and distorted foliage, 
early defoliation, stunting, and reductions in plant growth, pod size, and seed weight115. 
Soybean injury resulting from SBA infestation includes a reduction in photosynthetic 
rates116, vectoring of plant viruses117,118, and honeydew secretion stimulating sooty mold 
growth that also results in reduced photosynthesis119. Resulting yield losses can reach up 
to 45% in soybean120. However, the impact that SBA has on soybean yield is highly 
dependent on the developmental stage of soybean121.  
Soybean Aphid life cycle in North America  
The soybean aphid has a complex lifecycle characterized as heteroecious (host-
alternating) and holocyclic (sexual reproduction during part of lifecycle)111. During the 





reproduction) producing both winged and wingless female morphs throughout the growing 
season. Soybean aphid populations can increase exponentially with a doubling time of 6-7 
days120. Winged offspring (alates) can travel to and colonize other areas within fields and 
can be dispersed long distances by wind, leading to outbreaks in new areas122. Many factors 
contribute to the production of alates during the summer including temperature, host-
quality, crowding, and interactions with natural enemies and mutualists123,124.  
As fall approaches, reductions in photoperiod and temperature influence SBA to 
produce gynoparae (winged females) who migrate to buckthorn (Rhamnus species), also 
invasive to North America111. Here gynoparae give birth to wingless sexual females 
(oviparae) who are then sought out by winged males from soybean for sexual reproduction. 
Resulting eggs are deposited underneath buckthorn leaf buds where they overwinter. In the 
following spring, eggs hatch into apterous, viviparous females and after three to four 
generations on buckthorn the alataes are produced and migrate to soybean during the host’s 
early growth stages (V1-V5)125.   
Soybean Aphid Management   
Integrated pest management (IPM) is a multifaceted and preventative pest 
management approach that reduces risks from pests using multiple pest management 
related strategies. As a first line of defense, IPM programs use cultural methods and select 
resistant cultivars to prevent pests from becoming a threat. Regular scouting of fields is 
done to monitor pests and determine when pest populations are approaching their economic 
injury level (EIL), when the cost of control (e.g. insecticide applications) is equal to the 
yield losses associated with a pest126. It is important to act before pest populations reach 





lower pest density, the economic threshold (ET), is reached. The ET for SBA on soybean 
is 250 aphids per plant and after reaching the ET it takes roughly 7 days before SBA 
populations will exceed the EIL of 675 aphids per plant120. Therefore, closely monitoring 
fields for SBA is critical for timely and effective management of the pest.  
Management of SBA thus relies on preventing populations from reaching damaging 
levels. To do this, growers use host-plant resistance, promote natural enemy populations, 
and apply insecticides127.When host-plant resistance and natural enemies are not sufficient 
to control SBA populations, broad-spectrum foliar insecticides are used. 
Organophosphates and pyrethroids and are the most common insecticides used for 
controlling SBA populations128. However, these insecticides are non-specific and kill both 
SBA and their natural enemies, which can lead to SBA populations rebounding quickly 
after treatment129. In addition, repeated spraying of insecticides can lead to the 
development of insecticide resistant SBA. Resistance to insecticides in SBA has been 
documented in Asia and North America130,131. Due to the development of insecticide 
resistance, other management tactics must be incorporated into SBA integrated pest 
management programs such as biological control and host-resistance.  
Biological control can help to suppress SBA populations. The soybean aphid 
escaped predation from many of its natural enemies in Asia upon its introduction to North 
America. However, generalist natural enemies including predators, parasitoids, and 
entomopathogenic (insect-attacking) fungi began to feed on SBA following its introduction 
to North America and now play an important role in the suppression of SBA132–134. Of these 
enemies, coccinellids and pirate bugs (Orius insidiosus) are the main drivers in the 





in North America (families: Aphelinidae and Braconidae) were found to parasitize SBA, 
but these parasitoid species are far less effective than those found in Asia that contribute 
largely to the suppression of SBA there113. Entomopathogenic fungi can also attack SBA, 
but their suppression of SBA is variable. This is likely because entomopathogenic fungi 
need a suitable environment for infection133,135.  
Aphid-resistant soybean varieties can directly reduce SBA populations and reduce 
insecticide use, thus helping to build natural enemy populations. Host plant resistance to 
aphids reduces host attractiveness (antixenosis), reduces survival and offspring numbers 
(antibiosis), and/or results in tolerance to infestation109. Resistance to SBA depends on 
single genes called Rag genes, short for resistance to A. glycines.  Four resistance genes 
have been identified; Rag1136, Rag2137, rag3, and rag4138. Since their deployment, biotypes 
of aphids have been identified that can overcome Rag1 and Rag2 resistance139,140.  Thus, 
the release of single-gene resistance sources has proven unsustainable.  More durable 
resistance may result by releasing antibiosis and antixenosis resistance in combination113.  
Cross-compartment interactions between herbivores and pathogens 
Often, plants are simultaneously attacked by a complex community of biotic 
stressors, including insect herbivores and pathogens, creating opportunities for attackers to 
interact. Within the fields of plant pathology and entomology, much attention has been 
given to pathogen-pathogen and herbivore-herbivore interactions and only more recently 
to the interactions that may exist between pathogens and herbivores141. Interactions 
between herbivores and pathogens may occur directly, for example, when herbivores fed 
on fungal mycelia or toxic fungal compounds142. Other interactions are indirect and 





are separated on their host, either spatially or temporally, and can have important 
consequences for herbivore and pathogen population dynamics and plant yield143,144.   
Even when pathogens and herbivores are separated by the soil surface (cross-
compartment), interactions still can occur that are host-mediated. The vascular system of 
plants allows for long-distance communication between roots and shoots, enabling plants 
to mount whole-plant defense responses, regulate growth, and allocate resources145. The 
tight linking between roots and shoots allows for cross-compartment interactions between 
belowground and aboveground attackers through the activation of systemic induced 
defense responses and changes in host primary metabolism141,146.  
The activation of signaling pathways by pathogen or herbivore leads to systemic 
and whole-plant defense responses. These responses can directly affect the ability of the 
host to defend itself locally or “prime” distant plant parts for upcoming attacks147. Priming 
of defense responses can play an important role in mediating cross-compartment 
interactions between attackers. For instance, root herbivory by Acalymma vitattum on 
cucumber increased the host’s defenses against the foliar oomycete pathogen downy 
mildew148. In another example, aboveground herbivory of pepper by the aphid Myzus 
persicae primed systemic defense responses leading to reduced colonization of roots by 
the bacterial pathogen Ralstonia solanacearum149.  The main hormones involved in 
controlling local and systemic plant defense responses are salicylic acid (SA), jasmonic 
acid (JA), and ethylene150. In general, the SA pathway is stimulated by and is effective 
against biotrophic pathogens and piercing-sucking herbivores, while the JA pathway 
responds to and is effective against necrotrophic pathogens and chewing herbivores144. An 





being shown to suppress JA152, and this cross-talk likely plays an important role in the 
regulation and fine-tuning of defense responses. Resulting trade-offs in defense responses 
may then occur when plants are faced with different attackers. For example, infection by 
the biotrophic pathogen Hyaloperonospora arabidopsidis suppressed JA defense responses 
activated by the leaf herbivore, Pieris rapae153. Because these pathways are activated by 
and effective against different groups of organisms, interactions between herbivores and 
pathogens will likely depend on the specific organisms involved, i.e. insect feeding-guild 
and pathogen lifestyle144. Ultimately, a wide range of defensive traits are activated by 
systemic induced defense signaling pathways including morphological (e.g. trichomes154), 
production of defensive proteins and toxins (e.g. terpenoid aldehydes in cotton155), or 
release of volatiles (i.e. repel attackers or attract predators of attackers)147,156. 
Herbivore and pathogen attack may also induce responses that alter the host’s 
primary metabolism. Primary metabolites may be used to synthesize secondary defense 
metabolites, have defensive functions themselves, serve as signals in defensive pathways, 
or can be reallocated to protect them during attack for subsequent plant regrowth157. 
Therefore, changes in the host’s primary metabolism can have profound impacts on cross-
compartment interactions. For example, the severity of Fusarium crown rot of alfalfa was 
enhanced by a sap-feeding insect Spissistilus festinus. The root carbohydrates 
concentrations were decreased following feeding by S. festinus, which may have led to 
increased crown rot158. On ragwort, aboveground herbivory by the catepillar, Mamestra 
brassicae, caused a decrease in the concentration of pyrrolizidine alkaloids present in roots 
which led to an increase in soil fungal pathogen populations159. In addition, changes in 





performance. For example, attack by ectoparasitic and endoparasitic nematodes lowered 
the amino acid content in phloem sap and reduced aphid fecundity160. Similarly, the aphid 
Euceraphis betulae preferred birch leaves infected with the fungus Marssonina betulae, 
and they were larger and displayed enhanced embryo development on the infected 
leaves161. This interaction was likely mediated by the plant since the fungus and aphid 
occupy different portions of the leaf, and increased concentrations of free amino acids were 
found in the phloem of infected leaves that may promote aphid growth161,162.  
Pathogen infection can also modify the interactions between herbivores and their 
natural enemies, although this has not been reported for cross-compartment 
interactions156,163,164. For example, infection of Brassica rapa leaves with powdery mildew 
strongly affected the production of herbivore-induced plant volatiles in response to Pieris 
brassicae feeding, which negatively affected the attraction of its parasitoid wasp Cotesia 
glomerate.  This suggested that oviposition and feeding in mildew-infected plants may be 
a survival strategy for P. brassicae165. Therefore, a multitrophic approach should be taken 
when investigating cross-compartment interactions between pathogens and herbivores.  
Conclusion  
Soybean is an important legume crop in Minnesota in addition to being one of the 
most important crops grown worldwide. Although soybean is well-suited for large areas of 
the United States, multiple biotic stresses reduce production every year. In Minnesota, an 
important yield limiting disease is sudden death syndrome (SDS) caused by the fungus 
Fusarium virguliforme (Fv). Despite the fact that soybean plants infected with Fv are also 
challenged simultaneously by other pathogen and insect attackers, little work has been done 





Understanding of how Fv interacts with other pathogens and herbivores will be important 
for soybean risk assessment and pest management. The goals of this research were to 
determine how other fungal root pathogens (Fusarium spp. and Clonostachys rosea) and 
the soybean aphid influence SDS disease development and to determine how combined 















Figure 1.1. Minnesota counties confirmed with sudden death syndrome (SDS) as of 

























Figure 1.2. Sudden death syndrome disease cycle caused by Fusarium virguliforme 
(Fv). Fv likely survives in crop residues or freely in the soil as thick-walled 
chlamydospores. In the spring, chlamydospores germinate to produce conidia (A) that 
initiate infection of soybean roots in the early stages of growth leading to the colonization 
of root tissues and root rot52 (B). Fungal toxins are translocated through the xylem and 
induce foliar symptoms30 (C). Fv remains in the root system, on residues, or in the soil 
where it can overwinter and survive as microconidia, macroconidia, and/or 
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Coinfection of Soybean with Fusarium virguliforme and the Common Root 
















Many diseases reduce soybean (Glycine max) yield every year, with root diseases often 
having the greatest impacts on yield. One important root pathogen of soybean is Fusarium 
virguliforme (Fv), the causal agent of sudden death syndrome (SDS). Although soybean 
roots from plants displaying SDS symptoms are commonly infected by multiple fungal 
pathogens, it is unknown how interactions between Fv and the other fungi may alter SDS 
disease development and soybean growth. In this study, we examined potential interactions 
between Fv and two isolates each of F. acuminatum, F. oxysporum, F. solani, and 
Clonostachys rosea in vitro and in soybean plants to evaluate their effect on SDS disease 
development and soybean growth. Results suggest that coinfection of soybean with Fv and 
C. rosea and Fv and F. solani can reduce SDS foliar disease severity (FDS) and that 
coinfection of soybean with Fv and F. oxysporum and Fv and F. acuminatum can increase 
FDS compared to the Fv-only treatment under growth chamber conditions. Coinfections of 
soybean with Fv and all eight test isolates individually did not increase or decrease levels 
of root rot or plant biomass compared to infection by Fv alone. These results corroborate 
in vitro interaction assays where the growth of Fv was not affected by the presence of the 
test isolates. This is the first study to investigate how Fv interacts with other common 









Soybean (Glycine max (L.) Merr.) is a legume crop originating from East Asia and 
one of the most important crops grown worldwide1. In 2018, 123 million tons (4.54 billion 
bushels) of soybean were produced in the United States2, with 10.6 million tons (389 
million bushels) produced in Minnesota3. Although soybean is a well-suited for production 
in large areas of the United States, many diseases reduce soybean yield yearly, with root 
diseases having the greatest impacts on yield5.  
An important root pathogen of soybean is Fusarium virguliforme O’Donnell & T. 
Aoki (Fv), the causal agent of sudden death syndrome (SDS). In the United States and 
Ontario, Canada between 2010-2014 SDS caused the fourth largest reduction in soybean 
yields among all diseases, with losses estimated at 5.7 million tons (210 million bushels)5. 
Losses due to SDS result from damage to roots and leaves. Fv colonizes roots in early 
spring leading to severe root rot and crown necrosis8. Chlorosis and necrosis of leaf tissues, 
which typically occur later in the season during soybean reproductive stages, result from 
Fv toxins being translocated to leaves30. This can lead to premature defoliation and pod 
abortion8. Many factors contribute to SDS disease development including cultivar 
selection32, Fv population levels in soil165, soybean cyst nematode populations35–37, 
production practices38,39, and environmental conditions7. Soybean roots are commonly 
infected with multiple root pathogens when they are also infected with Fv62,63, but it is 
unknown how other root pathogens may affect Fv infection, colonization, and foliar disease 
expression.  
In a Minnesota survey identifying fungi associated with soybean roots in 2007 and 





Rhizoctonia, and Clonostachys62. Because of the frequency of their isolation and ability to 
infect soybean, understanding the interactions between Fv and these fungal genera would 
be valuable information for  implementing disease management strategies. However, only 
one study to date has investigated interactions with Fusarium virguliforme specifically. 
Under greenhouse conditions, an experiment was conducted to determine if the presence 
of both Fv and Fusarium graminearum (Fg) resulted in an increased negative impact on 
soybean growth compared with each pathogen alone64. Interestingly, results showed that 
there was no evidence for  increased plant damage from the Fv + Fg combined treatment 
compared with Fv and Fg alone64.  A few studies other have reported interactions between 
other Fusarium spp. (not Fv) and Pythium, Rhizoctonia, and Clonostachys. For example, 
synergistic interactions between Fusarium and Pythium spp. on pea65, snap bean66, and 
peanut67 were reported.  A recent study, however, found no interactions between Fusarium 
and Pythium spp. on seedling disease in soybean68. Similarly, the interaction between F. 
oxysporum and R. solani in causing soybean root rot was shown to be additive69, but no 
interaction was observed between F. solani f. sp. phaseoli, and R. solani on snap beans66.  
In contrast to the little information available on interactions between Fusarium spp. 
and Pythium and Rhizoctonia, there are many studies on Clonostachys rosea and Fusarium 
spp. interactions. C. rosea, a mycoparasite with a saprophytic life phase70, has been of 
interest due to its potential as a biocontrol agent and its ability to parasitize some Fusarium 
spp71,72. In an in vitro study, DNA of F. verticillioides was reduced in the presence of C. 
rosea, suggesting that C. rosea actively destroyed the mycelium of F. verticillioides73. 
Additionally, C. rosea suppressed sporulation of F. culmorum and F. graminearum on 





on maize stalks74. More recently, C. rosea was reported to be pathogenic on soybean75 and 
faba bean76. On soybean, C. rosea caused taproot necrosis and necrosis on leaf trifoliates 
and was shown to infect trifoliates systemically75. However, the impact of C. rosea 
infection on soybean production and how it interacts with Fusarium spp. in soybean roots 
was unknown.  
In the Minnesota survey identifying fungal genera associated with soybean roots, 
the three most prevalent Fusarium spp. isolated were F. oxysporum, F. solani, and F. 
acuminatum63. These results are similar to those reported from a similar survey 
conducted in Iowa between 2007-200964. Thus, based on the frequency of isolation, 
interactions between Fv and other Fusarium spp. may occur. Indeed, much attention has 
been given to the study of interactions among Fusarium spp. This is likely because many 
pathogenic Fusarium species can cause similar symptoms on the same host and form a 
disease complex68,78. Pathogens within a disease complex can overlap spatially and 
temporally on their host69, and may affect each other positively (synergism), negatively 
(antagonism), or not at all (coexistence)80. Thus, there are many ways in which Fusarium 
species can interact while sharing the same host. 
Most documented interactions between Fusarium species have been competitive87–
89 and result from one of three interactions: competitive exploitation, interference 
competition, or parasitic fitness81–83. Competitive exploitation refers to the ability of one 
fungus to obtain resources faster than another without direct interactions. For example, 
when grown together in vitro, the biomass of the maize pathogens Ustilago maydis and 
Fusarium verticillioides decreased due to the depletion of nutrient resources after an initial 





barrier that limits a competing fungus from obtaining resources from a shared substrate. 
For instance, a Phoma sp. endophyte colonizing finger millet secretes tenuazonic acid that 
prevents growth of pathogenic F. graminearum85. Interference competition by means of a 
mechanical barrier was also demonstrated in finger millet where the bacterial species 
Enterobacter formed specialized root hairs that prevented entry of F. graminearum86. 
Lastly, parasitic fitness refers to the aggressiveness of an isolate. This is important for 
intraspecies specific competition and has been observed within Fusarium species81,82. 
When rye was coinoculated with four isolates of F. culmorum, disease severity was reduced 
compared to when rye was inoculated with only one isolate81. Competition between 
Fusarium spp. can also be host mediated, and infection by one species can activate host 
defenses against another. For example, infection of tomato by a nonpathogenic strain of F. 
oxysporum reduced colonization of roots by a pathogenic strain of F. oxysporum89. 
Interactions between Fusarium species can also be synergistic. For example, foot 
and crown rot of wheat are caused by a complex consisting of F. graminearum, F. 
culmorum, F. poae, and F. sporotrichioides, and the presence of F. graminearum increased 
the incidence of the other Fusarium species90. In a field study, maize ears inoculated with 
F. graminearum facilitated subsequent infections by F. verticillioides91.  In addition, 
infection by one species can also suppress host defenses, making the host more susceptible 
to subsequent infections. This has been shown in maize where early infection by F. 
verticillioides suppressed the production of secondary defense metabolites; therefore, 
aiding in the success of colonization by several other Fusarium species92.  
Although soybean roots can be simultaneously attacked by multiple pathogens, 





development. The goal of this work was to understand interactions between Fv and select 
fungal root pathogens of soybean in vitro and in planta. The primary objective of this study 
was to determine the effects of coinfection of soybean with Fv and F. acuminatum, F. 
oxysporum, F. solani, or C. rosea (pathogenic) on SDS development and soybean growth.  
Materials and Methods  
Isolate Selection 
All fungal isolates used in this study were obtained from the lab of Dr. D. Malvick 
at the University of Minnesota. A single-spore isolate of Fv, Wa1-SS1, collected from a 
field in Waseca, MN 166 and eight test isolates of other species were used from a collection 
obtained from Minnesota soybean roots in 2007 and 2008. They included two single-spore 
isolates each of F. acuminatum (Fa), F. oxysporum (Fo), F. solani (Fs), and Clonostachys 
rosea (Cr) 62. The test isolates selected were Fa 07-337 (Fa 337), Fa 07-353 (Fa 353), Fo 
07-071 (Fo 71), Fo 07-321 (Fo 321), Fs 07-154 (Fs 154), Fs 08-064 (Fs 64), Cr NF-116 
(Cr 116), and Cr NF-22 (Cr 22). The identity of the Fv isolate166 and all test isolates62 were 
confirmed morphologically and by partial sequencing of the translation elongation factor-
1α. Further descriptions of the source and pathogenicity of isolates are provided in Table 
2.1. Prior to these studies, all isolates were stored at 4°C in a soil culture from which 
subcultures were made and maintained on 0.5× potato dextrose agar (PDA) (Difco 







In vitro temperature growth studies 
The radial growth rates of Fv and test isolates were examined at 15, 20, 25, and 30°C to 
determine the optimal growth rates for each isolate. Studies were initiated by transferring 
6-mm plugs from the margin of actively growing, 2-week-old cultures to the center of Petri 
plates (9 cm) containing 1/2× PDA. Three replications were performed for each isolate at 
each temperature. After transfer, cultures were incubated in darkness at one of the four 
temperatures. Two measurements, perpendicular to one another, were taken of each colony 
diameter at days 4, 8, 11, and 15 and the average radial growth was calculated for each 
plate. The study was not repeated. 
In vitro interaction assays 
To characterize interactions between Fv and the test isolates in vitro, Petri plates (9 
cm) containing 0.5× PDA were inoculated with Fv and one of the test isolates (dual 
treatments). For controls, Fv and test isolates were placed alone on the same medium 1 cm 
from the plate’s edge. For dual treatments, Fv was transferred to plates 3 days before the 
test isolates were placed on the plates to account for its slow growth. Fv was placed 1 cm 
from the plate edge and test isolates were placed on the opposite side of the plate. For all 
isolates, 6-mm diameter plugs were taken from the actively growing margins of 2-week-
old cultures. Plates were incubated in the dark at 25°C and assessed daily over a 2-week 
period. The radii of Fv colonies on the side adjacent to the test isolates were measured at 
2, 4, 6, 8, and 11 days after test isolates were placed on plates. For control Fv cultures, the 
radius was measured in the direction of the colony closest to the plate’s center. Radial 
measurements of test isolates on dual and control plates were taken in the same way. Dual 





test isolates. The Fv control and dual treatments were replicated a total of eight times and 
test isolate controls were replicated four times in two replications of this study. The percent 
of inhibition of radial growth (PIRG) for Fv in the presence of each test isolate was 
calculated using the formula: (A– B) ÷ A × 100, where A = mean radial growth (mm) of 
Fv from control plates and B = mean radial growth (mm) of Fv from dual plates. PIRG was 
calculated for all test isolates in the presence of Fv in the same way. 
Coinfection studies 
Experiments were performed in a growth chamber to assess the effect of co-
infestation with Fv and each test isolate on SDS disease development and seed yield. This 
experiment had 18 treatments: non-infested control, infestation with Fv alone (Fv-only), 
infestation with each test isolate alone (Fa 337-only, Fa 353-only, Fo 71-only, Fo 321-
only, Fs 154-only, Fs 64-only, Cr 116-only, and Cr 22-only) and co-infestation with Fv 
and each test isolate (Fa 337+Fv, Fa 353+Fv, Fo 71+Fv, Fo 321+Fv, Fs 154+Fv, Fs 
64+Fv, Cr 116+Fv, and Cr 22+Fv). One day prior to planting, inoculum for Fv and the test 
isolates was prepared from cultures grown on 0.5× PDA in darkness at 25°C for 4 weeks. 
Spore suspensions were prepared by adding sterile deionized water to each culture plate, 
the spores were dislodged with a sterile spreader, and spore suspensions were filtered 
through 3 layers of cheesecloth. Cultures were rinsed again with sterile water and the water 
containing spores was collected and filtered in the same manner. The spore density of each 
isolate suspension was estimated with a hemocytometer.  
 For each isolate included in a treatment, spores were mixed into the growth medium 
to obtain 2×103 spores/cm3 of soil mix as follows. Fv and test isolate spore suspensions 





and brought to a volume of 300 mL with sterile water. The diluted spore suspensions were 
added to 2600 mL of growth medium with 50 cm3 of sterilized Bob’s Red Mill coarse grind 
cornmeal (Milwaukie, OR).  The soil-inoculum-cornmeal mixture was thoroughly mixed 
and divided among four 10.2-cm square pots. Five seeds of soybean cultivar MN1410 
(susceptible to SDS and developed by the University of Minnesota) were placed in each 
pot and covered with a thin layer of soil, 2.5 cm of sand, and amended with 10 cm3 of 
Osmocote 14-14-14 (Scotts Miracle-Gro Co., Marysville, OH). Pots were arranged in a 
randomized block design with four replications and incubated at 25°C with a 14-h 
photoperiod. Pots were watered daily to maintain adequate soil moisture for Fv infection 
and soybean growth. The experiment was replicated once.  
Plants were visually assessed 28 days after planting for SDS foliar disease severity 
(FDS) on a scale of 1 -100 as the percentage of chlorotic and necrotic foliar tissue. Plants 
were carefully removed from pots, keeping root systems intact, and excess soil was 
removed. Root rot severity was visually rated as the percentage of the taproot that was 
rotted. In trial one, the fresh aboveground biomass of both plants was recorded for each 
pot. In trial two the fresh whole plant biomass (roots and shoots included) was recorded 
per pot. Disease data and biomass measurements were averaged for each pot.  
 To confirm that test isolates infected the roots, re-isolations were performed. Roots 
from each pot were surface sterilized in a 0.5% NaOCl solution for 3 min, rinsed in 
deionized water twice, and blotted dry. Roots were then cut into small sections and blended 
for 10 minutes using a Bullet Blender 5E with 6 stainless steel UFO beads (Next Advance, 
Troy, NY). Small samples were taken from the blended roots and embedded in 0.5× PDA 





pathogen and cultures were transferred. Roots of plant from non-infested pots were also 
subjected to isolations, and neither Fusarium nor C. rosea were isolated from these plants. 
Isolates were identified morphologically based on colony characteristics and microscopic 
examination of macroconidia93 and confirmed with DNA sequencing as follows. Genomic 
DNA was extracted from the mycelium using the FastDNA Kit (MP Biomedicals)167. 
Polymerase chain reaction (PCR) amplicons were generated using standard PCR (sPCR) 
in an Eppendorf Pro S Mastercycler (Eppendorf, Westbury, NY) using the primer pairs 
EF1/EF2168 for Fusarium spp. and ITS1F/ITS4169 for Clonostachys rosea. PCR 
amplification products were visualized via electrophoresis on a 1.5% agarose gel, and DNA 
was purified using an UltraClean PCR Clean-Up Kit (Mo Bio Laboratories, Carlsbad, CA) 
according to the manufacturer’s instructions. Sequencing of the internal transcribed spacer 
(ITS) for C. rosea and the translation elongation factor-1α for Fusarium spp. was 
performed by the University of Minnesota BioMedical Genomics Center (St. Paul). 
Sequences were subjected to BLAST search against the NCBI GenBank database. 
 To confirm Fv infection, all treatments that were infested with Fv were also 
subjected to real-time PCR (qPCR) for the specific detection of Fv. DNA was extracted 
from 0.1 g of the blended root samples using a modified FastDNA® protocol167, and qPCR 
was performed using a Bio-Rad CFX96 Real-Time System (software v. 4.1.2433.1219) 
with SsoAdvanced Universal Probes Supermix (Bio-rad Laboratories, Hurcules, CA). Each 
well contained a 25-µl reaction mixture including 12.5 µl of supermix, 1.125 µl of both 
primers FvIGS-F1/ FvIGS-R337, 2.5 µl of the probe FvIGS-Probe237, 2.75 µl of molecular 
grade water, and 5 µl of the DNA sample. Thermal cycling parameters consisted of 2 min 





Statistical analysis.  
For in vitro temperature assays, the radial growth at day 8 was used for all analyses. 
For each isolate, comparisons of radial growth between temperatures were made using 
analysis of variance (ANOVA) and means were separated using Tukey’s HSD test. For 
each temperature treatment, an ANOVA was performed to compare the growth of test 
isolates. When significant differences were found, comparisons were made between the 
growth of test isolates and Fv using the Dunnett’s t test. 
For in vitro dual interaction assays the radial growth at day 8 was used for all 
calculations and analyses. After 8 days some isolates had grown to the edge of the plate 
and measurements could no longer be taken. The radial growth of Fv in the presence of the 
test isolates was analyzed using an ANOVA. ANOVA was also used to compare the growth 
of each test isolate on control plates to their growth in the presence of Fv.   
For the growth chamber coinfection studies, trials were analyzed separately due to 
significant differences in root rot and foliar disease severity between trials. The root rot 
severity data was subjected to ANOVA and means were separated using the Tukey’s HSD 
test. Only treatments with Fv were included in the analysis of foliar disease severity (FDS) 
data. FDS data was subjected to ANOVA and the Dunnett’s t test was used to compare 
means to the Fv only treatment. Similarly, for biomass data, when differences among 
treatments were detected using ANOVA, all treatments were compared to the Fv only 
treatment using the Dunnett’s t test. All statistical tests were performed in R version 3.6.1 







In vitro temperature growth studies 
All isolates except Cr 116 had optimal growth at 25°C, with some growing 
optimally at more than one temperature (Fig. 2.1). Significant differences in the growth of 
isolates at different temperatures were detected. The F. acuminatum isolates grew most at 
20°C and 25°C and their growth was reduced significantly at 15°C and at 30°C. This trend 
was also apparent for the Fv isolate Wa1-SS1, with the most significant reduction in growth 
at 15°C. Both F. oxysporum isolates grew most at 25°C and 30°C, with reductions in 
growth seen at 15°C. Similar results were found for F. solani isolates. Isolate Cr 116 was 
especially sensitive to different temperatures; it grew best at 30°C and with each 5°C drop 
in temperature the isolate’s growth was significantly reduced. In contrast, isolate Cr 22 
grew similar at temperatures between 20°C and 30°C, but its growth was reduced at 15 °C.  
All test isolates grew significantly faster than Fv in all four temperature treatments.  
In vitro interaction assays 
Growth of Fv in vitro was not increased or decreased by any of the test isolates in 
the dual assays (Table 2.2). In contrast, the growth of F. acuminatum and F. oxysporum 
isolates was inhibited 16.9 % to 27.3%, respectively, in the presence of Fv with a visible 
narrow demarcation line between the test isolates and Fv (Table 2.3 and Fig. 2.2). The 
growth of F. solani and C. rosea was not increased or decreased significantly by Fv (Table 
2.3), and although no obvious inhibition zone was observed the mycelium of C. rosea and 







Coinfection studies.   
Each of the F. solani and C. rosea isolates incited root rot on soybean similar in 
appearance to symptoms caused by Fv (i.e., dark discoloration of roots) (Fig. 2.3). Roots 
from pots infested with F. acuminatum and F. oxysporum isolates had minor root 
discoloration that was similar in appearance to that observed on roots of the non-inoculated 
control plants (i.e., light brown discoloration only), and thus we considered these isolates 
non-pathogenic under the conditions used in this study (Fig. 2.3).  
Significantly more root (F1,6=9.8, P= 0.02) and foliar (F1,6=15.75, P= 0.007) disease 
developed in the Fv-only treatment in trial two compared to trial one (Tables 2.4 and 2.5, 
and Figs 2.4 and 2.5). There were no significant differences in root rot severity between 
trials for single inoculation treatments (F1,70=0.09, P= 0.76), but significantly more root rot 
(F1,70=50.2, P= < 0.001) and foliar disease (F1,70=52.53, P= < 0.001) developed in trial two 
compared to trial one for the Fv coinfected treatments. 
No coinfection treatment significantly increased or decreased root rot severity 
compared to the Fv only treatment in either trial (Figs 2.4 & 2.5). In trial one, Fa 337-only, 
Fa 353-only, Fo 71-only, Fo 321-only, Cr 116-only, Cr 22-only, and the non-inoculated 
control had significantly lower levels of root rot compared to the Fv-only treatment. Similar 
results were seen in trial two, except the treatment Fs 64-only also had significantly less 
root rot compared to the Fv-only treatment. The level of root rot severity incited by isolates 
of F. solani differed in both trials. Significantly more root rot was caused by Fs 154-only 
compared to Fs 64-only (Figs 2.4 & 2.5). No differences in root rot severity between 





No coinfection treatment significantly increased or decreased foliar disease severity 
(FDS) compared to the Fv-only treatment in trial one, however, FDS was unusually low in 
the Fv treatment too (Fig 2.6). In trial two, the coinfection treatments Fo 71 + Fv (P=0.08) 
and Fa 337 + Fv (P=0.096) had significantly higher FDS compared to the Fv-only 
treatment, and Cr 22 + Fv (P=0.045), Cr 116 + Fv (P=0.026), and Fs 154 + Fv (P=0.003) 
had significantly less (Fig 2.6).  
No treatment differences in aboveground biomass were detected between 
treatments in trial one (F17, 54=1.4, P= 0.19) (Table 2.4).  In trial two, significant differences 
in whole-plant biomass were measured among treatments (F1,69=7.4, P= <0.001) (Table 
2.5). Treatments that had significantly higher whole-plant biomass compared to the Fv-
only treatment were Cr 116-only (P=0.047), Cr 22-only (P=0.099), Fa 337-only 
(P=0.0015), Fa 353-only (P=0.021),  Fo 321-only (P=0.069), Fs 154-only (P=0.007), and 
the non-infested control (P=0.016).  
Re-isolation of test isolates from inoculated roots was successful except for F. 
acuminatum isolates in both trials. In trial one, the frequency that test isolates were 
successfully isolated and confirmed with sequencing from the treatments Fo 71-only, Fo 
71 + Fv, Fo 321-only, Fo 321 + Fv, Fs 154-only, Fs 154 + Fv, Fs 64-only, Fs 64 + Fv, Cr 
116-only, Cr 116 + Fv, Cr 22-only, and Cr 22+ Fv, were 50, 75, 75, 25, 100, 50, 50, 50, 
50, 75, 25, and 25 %, respectively. From one replication of the Fa 337-only treatment, the 
isolate was successfully isolated, but was not confirmed with sequencing. In trial two, re-
isolation of test isolates was not as successful with a 25 % recovery from the treatments Fo 





Fv was detected with a specific qPCR assay in all replications of the Fv-only 
treatment as well as the Fo 71 + Fv, Fo 321 + Fv, and Cr 116 + Fv treatments in trial one. 
For the remaining treatments, the percent of replications where Fv was detected was 75 % 
for Fa 337 + Fv and Fa 353 + Fv, 50 % for Fs 154 + Fv, and 25 % for Fs 64 + Fv and Cr 
22 + Fv. Samples from trial 2 were not tested.  
Discussion 
 Soybean roots from plants with and without SDS symptoms in fields are commonly 
infected by multiple fungal pathogens, but it is unknown if interactions between F. 
vriguliforme (Fv) and the other fungi may influence SDS disease development and soybean 
growth. In this study, we examined interactions between Fv and isolates of F. acuminatum, 
F. oxysporum, F. solani, and Clonostachys rosea in vitro and in soybean plants to evaluate 
their effect on SDS disease development and soybean growth under growth chamber 
conditions. Results suggest that coinfection of soybean with Fv and C. rosea and with Fv 
and F. solani can reduce SDS foliar disease severity, and that coinfection of soybean with 
Fv and F. oxysporum and with Fv and F. acuminatum can increase FDS compared to the 
Fv-only treatment. Coinfections of soybean with Fv and the test isolates did not reduce or 
increase levels of root rot compared to infection by Fv alone.  
We tested all fungal isolates for their ability to grow across a range of temperatures 
(15 to 30°C) to determine which temperature to use for subsequent experiments. This was 
done because the outcomes of competitive exclusion can vary at different temperatures. 
For example, F. moniliforme outcompetes F. graminearum when coinoculated on maize 
ears because of its ability to grow at a broader range of temperatures compared to the 





study at 25°C, which was best suited for the growth of all isolates except for C. rosea 
isolate Cr 116 that grew best at 30°C. Additionally, all test isolates grew significantly faster 
than Fv at 25°C, suggesting that they may have a competitive growth advantage over Fv at 
this temperature.   
We evaluated the interactions between Fv and the test isolates in vitro. In culture, 
the growth of Fv was not measurably affected by F. acuminatum, F. oxysporum, F. solani, 
or C. rosea isolates. However, Fv negatively affected the growth of the F. acuminatum and 
F. oxysporum isolates. In contrast, the growth of F. solani and C. rosea isolates was not 
affected by Fv. It is unlikely that interference competition (i.e. chemical inhibition) occurs 
between Fv and F. solani and C. rosea isolates, but it may play a role in the interactions 
between Fv and isolates of F. acuminatum and F. oxysporum. Additional studies are needed 
to examine how Fv inhbits the growth of F. acuminatum and F. oxysporum.  
Results from our coinfection studies suggest that coinfection of soybean roots by 
Fv and the test isolates Cr 116, Cr 22, and Fs 154 can reduce SDS foliar disease (trial two) 
compared to Fv alone. In the temperature studies, the growth of Fv was significantly slower 
compared to Fs 154, Cr 116, and Cr 22 at 25°C. Thus, one possible reason for the reduction 
in SDS foliar disease symptoms could be that these isolates colonized soybean roots faster 
than Fv through competitive exploitation and either reduced Fv colonization and growth, 
toxin production, or toxin translocation. However, future work is needed to elucidate the 
mechanism behind these findings. Interestingly, some results also suggest that interactions 
could increase FDS. In trial two, the coinfection treatments Fo 71 + Fv and Fa 337 + Fv 
had significantly higher (α=0.10) FDS compared to the Fv-only treatment. This warrants 





On the other hand, coinfections of Fv and the test isolates did not reduce the level of 
root rot compared to the Fv only treatment. These results corroborate the in vitro interaction 
assay where the growth of Fv was not affected by the presence of the test isolates. Future 
work will need to address how other fungi affect Fv colonization of soybean roots with 
quantitative measurements.  
SDS root and foliar disease development are influenced by the abiotic environment7. 
Therefore, important factors such as temperature171, light172, soil type, and study duration 
were kept constant between trials by performing our coinfection study under growth 
chamber conditions. In addition, infestation of Fv and test isolates was done by mixing 
spore suspensions of known concentrations into soil, keeping inoculation rates of all 
isolates consistent across all treatments and between trials. Most studies on soilborne 
Fusarium spp. use a grain substrate colonized by the pathogen as inoculum166,173; however, 
quantifying this type of inoculum is not possible and thus with spore suspensions we much 
more precisely quantified inoculum amounts. However, even by controlling many aspects 
of  the abiotic and biotic environment, significantly more SDS disease (root and foliar) 
developed in trial two compared to trial one, suggesting that conditions of trial two were 
more conducive for infection and/or pathogenicity of Fv. The one factor we did not control 
quantitatively was soil moisture, which can influence SDS disease development40,45,53,61. 
Both trials were watered in the same manner by keeping soil moist and never allowing it 
to dry out; however, it is possible that differences in moisture levels could have occurred 
between studies and influenced SDS disease development. 
The isolates Fa 337, Fa 353, and Fo 71 were previously reported as pathogenic on 





methods could have accounted for the differences in pathogenicity. In the previous study, 
pathogen-colonized sorghum was used to infest soil and quantification of the inoculum was 
not performed62; thus, the inoculum dose could have been significantly higher than that 
used in our study. Based on previous work58, we chose an Fv inoculum rate of 2×103 
spores/g soil that has been reported to naturally occur in soybean fields. Thus, results from 
our study attempted to mimic what transpires in the field. Additionally, the sorghum itself 
provides additional nutrients for the fungi which could have increased pathogenicity of the 
isolates in the previous study62. In the greenhouse, plants grown without the addition of 
crop residues or cornmeal exhibited low to no SDS disease symptoms, even in the presence 
of high population levels of Fv173. Thus, the addition of organic substrates strongly affects 
SDS development, which could also be true for F. acuminatum and F. oxysporum isolates.  
In trial one, we did not see significant differences between the aboveground biomass 
between treatments which could have been due to the lack of SDS foliar disease symptoms. 
In trial two, we recorded whole plant biomass in the attempt to capture both the 
aboveground and belowground growth of soybean and again found that no coinfection 
treatments significantly increased or decreased plant biomass compared to the Fv-only 
treatment. These results agree with the trend we have seen, that Fv growth and root 
infection was not significantly affected by the test isolates. However, our study was short-
term and did not capture potential long-term effects on plant biomass that may occur when 
plants mature174, and this should be addressed in future work.   
In summary, this study provides insights into how SDS disease development is 
impacted by other root pathogens of soybean. Evidence suggests that Fv infection and root 





fungi; however, SDS foliar disease expression can be inhibited or increased by some fungal 
species. This work suggests that we may need to rethink how we approach understanding 
the risk and management of SDS and consider how other soybean root pathogens and other 





Table 2.1. Source of Fusarium virguliforme (Fv), F. acuminatum (Fa), F. oxysporum (Fo), 
F. solani (Fs) and Clonostachys rosea (Cr) isolates included in this study and their 
pathogenicity on soybean.  
Test isolate County of origin a Year isolated Pathogenicity on soybean b 
Fa 07-337 Clay 2007 + 
Fa 07-353 Marshall 2007 + 
Fo 07-071 Brown 2007 + 
Fo 07-321 Redwood 2007 - 
Fs 07-154 Brown 2007 + 
Fs 08-064 Redwood 2008 + 
Cr 116 Marshall 2007 na c 
Cr 22 Brown 2007 + 
Fv  (Wa1-SS1) Waseca 2006 + 
a Minnesota county 
b Causes root rot symptoms on soybean under greenhouse conditions62,75,166 


















Table 2.2. Effect of Fusarium acuminatum (Fa), F. oxysporum (Fo), F. solani (Fs) and 
Clonostachys rosea (Cr) isolates on the radial growth of F. virguliforme (Fv) in dual 
cultures.a  
a There were no significant differences (α=0.05) in the radial growth of Fv in the presence 
of any of the test isolates compared to the Fv control. Values represent the means (± SD) 
of 8 replications combined over two replicated experiments for each test isolate.  
b Radial growth of Fv on the side adjacent to the test isolate measured after 8 days. 







Test isolate  Radial growth of Fv (mm)b 
Inhibition of  
Fv (%) c 
Time until contact 
between Fv and test 
isolate (days) 
Fa 07-337 22.0 ± 1.9   -2.9 ± 9.0 9.9 ± 0.9 
Fa 07-353 21.0 ± 1.2 1.8 ± 5.6 10.8 ± 1.3 
Fo 07-071 21.3 ± 1.6 0.6 ± 7.4 9.5 ± 0.8 
Fo 07-321 21.1 ± 2.2 1.2 ± 10.4 12.9 ± 0.6 
Fs 07-154 20.5 ± 1.1 4.1 ± 5.0 11.8 ± 0.7 
Fs 08-064 21.8 ± 1.9  -1.8 ± 8.9 12.1 ± 0.8 
Cr 116 20.9 ± 2.0 2.3 ± 9.5 11.9 ± 0.9 
Cr 22 20.8 ± 1.8 2.9 ± 8.6 12.4 ± 1.7 





Table 2.3. Effect of Fusarium virguliforme (Fv) on the radial growth of F. acuminatum 
(Fa), F. oxysporum (Fo), F. solani (Fs) and Clonostachys rosea (Cr) isolates in dual 
cultures.  
Test isolate  Radial growth on dual plates (mm) a 
Radial growth on 
control plates (mm) b 
Inhibition of  
test isolates (%) c 
Fa 07-337 35.8 ± 2.0 * 43.0 ± 1.4  16.9 ± 4.6 
Fa 07-353 35.6 ± 1.8 * 43.8 ± 1.3  18.6 ± 4.0 
Fo 07-071 38.3 ± 1.7 * 46.0 ± 1.4  16.7 ± 3.6 
Fo 07-321 27.8 ± 1.0 * 38.3 ± 2.1  27.3 ± 2.6 
Fs 07-154 31.3 ± 1.6 32.5 ± 1.3  3.9 ± 4.9 
Fs 08-064 24.5 ± 0.5 24.7 ± 0.5  1.0 ± 2.2 
Cr 116 29.3 ± 2.2 30.8 ± 1.3  4.9 ± 7.1 
Cr 22 24.4 ± 2.7 25.8 ± 1.0  5.3 ± 10.4 
 
a Radial growth of test isolate colony on the side adjacent to Fv after 8 days. Values 
represent the means (± SD) of 8 replications combined over two replicated experiments for 
each test isolate. The growth of isolates marked with * were significantly (α = 0.05) 
reduced in the presence of Fv.  
b Radial growth of test isolate colony not in the presence of Fv after 8 days. Values represent 
the means (± SD) of 4 replications for each test isolate.  









Table 2.4. Results from trial one for root rot severity, foliar disease severity, and 
aboveground fresh biomass of soybean plants from pots infested with Fusarium 
acuminatum (Fa), F. oxysporum (Fo), F. solani (Fs), and Clonostachys rosea (Cr) isolates 
alone or with F. virguliforme (Fv) under growth chamber conditions.a 
a Values represent the means ± SD of 4 replications.  
b Root rot severity was scored on a scale of 0 (no disease) - 100 (taproot completely rotted). 
Treatments with the same letter are not significantly different (α=0.05). 
c Foliar disease severity was scored on a scale of 1 – 100 based on percentage of chlorotic 
and necrotic leaf tissue. Coinfection treatments were not significantly different (α=0.05) 
from the Fv-only treatment.   
d No significant differences were detected between treatments (α=0.05). 
 
Treatment Root rot  severity b 
Foliar disease 
severity c Biomass (g)
d 
Non-infested 2 ± 2.2 f 0 12.8 ± 1.7 
Fa 337 3 ± 2.5 f 0 14.5 ± 1.8 
Fa 353 5 ± 4.7 f 0 14.0 ± 1.7 
Fo 71 8 ± 4.9 ef 0 13.4 ± 1.6 
Fo 321 16 ± 11 bcd 0 14.1 ± 1.4 
Fs 154 97 ± 1.6 a 0 13.2 ± 2.6 
Fs 64 52 ± 28.8 cd 0 13.8 ± 1.9 
Cr 116 39 ± 13.6 de 0 11.1 ± 2.1 
Cr 22 32 ± 16.6 def 0 13.2 ± 1.8 
Fa 337 + Fv 93 ± 3.7 a 16 ± 13.9 10.9 ± 3.6 
Fa 353 + Fv 80 ± 12.1 abc 23 ± 25.1 12.0 ± 2.3 
Fo 71 + Fv 88 ± 10.8 ab 28 ± 10 8.7 ± 5.6 
Fo 321 + Fv 57 ± 16.6 bcd 12 ± 6.8  13.3 ± 1.7 
Fs 154 + Fv 97 ± 2.5 a 1 ± 1.7 11.9 ± 2.7 
Fs 64 + Fv 60 ± 15.4  bcd 0 ± 0 11 ± 1.6 
Cr 116 + Fv 81 ± 6.9  abc 5 ± 5.5 12.7 ± 2 
Cr 22 + Fv 83 ± 9.7  abc 11 ± 13.6 12.2 ± 1.6 





Table 2.5. Results from trial two for root rot severity, foliar disease severity, and whole 
plant fresh biomass of soybean plants from pots infested with Fusarium acuminatum (Fa), 
F. oxysporum (Fo), F. solani (Fs), and Clonostachys rosea (Cr) isolates alone or with F. 
virguliforme (Fv) under growth chamber conditions.a 
a Values represent the means ± SD of 4 replications 
b Root rot severity was scored on a scale of 0 (no disease) - 100 (root completely rotted). 
Treatments with the same letter are not significantly different (α=0.05). 
c Foliar disease severity was scored on a scale of 1 – 100 based on percentage of chlorotic 
and necrotic leaf tissue.  
d Treatments that are significantly different from the Fv-only treatment are indicated 
(α=0.10 * and α=0.05 **)
Treatment Root rot severityb Foliar disease severitycd Biomass (g)
d 
Non-infested 1 ± 1.7 d 0 ** 15.5 ± 1.3 ** 
Fa 337 0 ± 0 d 0  16.9 ± 1.3 * 
Fa 353 10 ± 7.6 d 0  15.4 ± 0.6 * 
Fo 71 5 ± 2.1 d 0  13.9 ± 2.3  
Fo 321 5 ± 4.1 d 0  14.5 ± 1.2 ** 
Fs 154 98 ± 2.5 a 0  16.0 ± 1.7 * 
Fs 64 72 ± 24.4 b 0  12.7 ± 4.6  
Cr 116 46 ± 15 c 0  14.8 ± 1.8 ** 
Cr 22 40 ± 10.6 c 0  14.3 ± 1.6 * 
Fa 337 + Fv 100 ± 0.8 a 93 ± 13.2  * 5.7 ± 2.6  
Fa 353 + Fv 98 ± 2.5 a 65 ± 29.1  8 ± 3.7  
Fo 71 + Fv 100 ± 0 a 95 ± 2.5  * 5.9 ± 2.4  
Fo 321 + Fv 100 ± 0.8 a 70 ± 29.9  9.8 ± 3.1  
Fs 154 + Fv 100 ± 0 a 10 ± 4.4  ** 11.2 ± 2  
Fs 64 + Fv 100 ± 0.8 a 68± 19.9  10.3 ± 3.9  
Cr 116 + Fv 99 ± 1.7 a 21 ± 17.1  ** 10.9 ± 2.2  
Cr 22 + Fv 95 ± 4. a 24 ± 11.4  ** 12.6 ± 2.8  











Figure 2.1. Radial growth of Fusarium virguliforme (Fv), F. acuminatum (Fa), F. 
oxysporum (Fo), F. solani (Fs) and Clonostachys rosea (Cr) isolates in culture at 15, 20, 
25, and 30°C after 8 days on 0.5 × potato dextrose agar. Values represent the means (± 
SD) of three replications for each isolate at each temperature (Fs 07-154 replicated twice 
at 30°C). Means followed by the same letter are not significantly different across 

















     
    
Figure 2.2. Growth of Fusarium virguliforme (Fv, left side in each photograph) in the 
presence of F. acuminatum (Fa), F. oxysporum (Fo), F. solani (Fs) and Clonostachys rosea 
(Cr) test isolates (right) in culture on 0.5× potato dextrose agar after 8 days of growth at 
25°C. Test isolates included Fa 07-337 (A), Fa 07-353 (B), Fo 07-071(C), Fo 07-321(D), 
Fs 07-154 (E), Fs 08-064 (F), Cr 116 (G), and Cr 22 (H).  
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Figure 2.3. Soybean root rot symptoms on plants from pots infested with Fusarium 
virguliforme (Fv), F. acuminatum (Fa), F. oxysporum (Fo), F. solani (Fs) and 
Clonostachys rosea (Cr) isolates under growth chamber conditions. Non-infested control 
(A), Fv WaS-SS1 (B), Fa 07-337 (C), Fa 07-353 (D), Fo 07-071 (E), Fo 07-321 (F), Fs 














Figure 2.4. Root rot severity of soybean plants from pots infested with F. acuminatum (Fa), F. oxysporum (Fo), F. solani (Fs), and 
Clonostachys rosea (Cr) isolates either alone or with Fusarium virguliforme (Fv) under growth chamber conditions from trial one. 
Values represent the means ± SD of four replications. Root rot severity was scored on a scale of 0 (no disease) - 100 (root completely 



















Figure 2.5.  Root rot severity of soybean plants from pots infested with F. acuminatum (Fa), F. oxysporum (Fo), F. solani (Fs), and 
Clonostachys rosea (Cr) isolates either alone or with Fusarium virguliforme (Fv) under growth chamber conditions from trial two. 
Values represent the means ± SD of four replications. Root rot severity was scored on a scale of 0 (no disease) - 100 (root completely 



















Figure 2.6. Foliar disease severity (FDS) of soybean plants from pots infested with Fusarium virguliforme (Fv) and one isolate of the 
species F. acuminatum (Fa), F. oxysporum (Fo), F. solani (Fs), and Clonostachys rosea (Cr) under growth chamber conditions from 
trial one (left) and trial two (right). Values represent the means ± SD of four replications. FDS was scored on a scale of 0 – 100 based 
on percentage of chlorotic and necrotic leaf area 4 weeks after planting and infestation. Control pots were not infested. Treatments that 
are significantly different from the Fv-only treatment are indicated (α=0.10 * and α=0.05 **). No differences in FDS values among 































Interactions of a belowground fungal pathogen, Fusarium virguliforme, and an 















Multiple biotic stressors including Fusarium virguliforme (Fv), the causal agent of 
soybean sudden death syndrome (SDS), and the soybean aphid (Aphis glycines) reduce 
soybean (Glycine max) yields annually in the United States. Although Fv and A. glycines 
occupy different plant compartments, with Fv infecting roots and secreting toxins into the 
xylem and aphids feeding on the phloem of leaves and shoots; they can occur on the same 
plants. In this study, we examined potential interactions between Fv and A. glycines in 
greenhouse, growth chamber, and field experiments to evaluate their effect on SDS disease 
development, aphid growth, and soybean growth. Overall, the results suggest that Fv and 
soybean aphids have minimal to no interaction with one another while co-occurring on 
soybean when SDS develops to low levels as was the case in these studies. There was no 
clear effect of soybean aphid herbivory on SDS foliar or root disease development in these 
studies nor did we detect a clear effect of combined soybean aphid herbivory and Fv 
infection on soybean growth. To our knowledge this is the first investigation into potential 











 Soybean (Glycine max (L.) Merr.) is a legume crop originating from East Asia and 
is one of the most important crops grown worldwide1. Although soybean is well-suited for 
production in large areas of the United States, multiple biotic and abiotic stresses reduce 
production annually. Two important and widespread biotic stresses include Fusarium 
virguliforme O’Donnell & T. Aoki (Fv), the causal agent of sudden death syndrome (SDS) 
and the soybean aphid, Aphis glycines Matsumura (Hemiptera: Aphididae).  
Sudden death syndrome was first detected in the U.S in Arkansas in the 1970’s, and 
now occurs in most U.S. soybean production states and in Ontario, Canada8–14,16–20.  
Sudden death syndrome was estimated to cause the fourth largest reduction in soybean 
yield among all diseases in the United States and Ontario, Canada between 2010-2014 with 
total losses estimated at 5.7 million metric tons (210 million bushels)5. Yield losses 
resulting from infection by Fv range from slight to 100% on individual plants,8,29 and result 
from two phases of SDS development in soybean. First, Fv infects roots and causes root 
rot and crown necrosis starting in early vegetative stages. Second, during soybean 
reproductive stages, Fv secretes fungal toxins into the xylem that lead to interveinal 
chlorosis and necrosis of leaves30. This can lead to premature defoliation and pod 
abortion31. Although Fv causes foliar symptoms, it only infects roots and lower stems. 
Soybean aphid is an invasive pest in the U.S. from Asia. Since its first detection in 
the U.S in Wisconsin in 2000,108 the soybean aphid has become the most important insect 
pest of soybean in the Midwest109. Injury to soybean by the soybean aphid includes 
wrinkled and distorted foliage, premature defoliation, stunting, and reductions in plant 






vector plant viruses117, 118, and secrete honeydew that stimulates sooty mold growth that 
can reduce photosynthesis119. Yield losses due to soybean aphid can reach 45% in soybean; 
however, the impact on yield is highly dependent on the plant developmental stage when 
initial infestation occurs120,121.  
Much research has focused on understanding the individual impacts of Fv175,176 and 
soybean aphid121,177,178 on soybean production, but information on interactions between the 
pathogen and insect and its consequence on plant health is lacking. Although Fv and 
soybean aphid occupy different plant compartments, with Fv in the roots secreting toxins 
into the xylem179 and aphids feeding on the phloem of leaves and shoots180; interactions 
between these attackers may occur.  
The vascular system of plants allows for long-distance communication between 
roots and shoots, enabling plants to mount whole-plant defense responses, regulate growth, 
and allocate resources145. The linking between roots and shoots allows for cross-
compartment interactions between belowground and aboveground attackers through the 
activation of systemic induced defense responses and/or changes in host primary 
metabolism141,146. The activation of signaling pathways by pathogen or insect herbivore 
attack leads to systemic and whole-plant defense responses. These responses can directly 
affect the ability of the host to defend itself locally or “prime” distant plant parts for 
upcoming attacks147. Indeed, priming of defense responses can play an important role in 
mediating cross-compartment interactions between attackers. For instance, root herbivory 
by Acalymma vitattum on cucumber increased the host’s defense to attack by the foliar 
oomycete pathogen downy mildew148. In pepper, aboveground herbivory by the aphid 






by the bacterial pathogen Ralstonia solanacearum149. Whether or not aphids and Fv interact 
in this manner had not been previously studied. Secondly, herbivore and pathogen attack 
may also induce responses that alter the host’s primary metabolism and may affect other 
attackers. We know that changes in amino acid concentrations of the phloem can have 
significant effects on aphid performance 160, 161, 162,181.  However, to date no studies have 
documented how Fv infection may affect the concentration of amino acids in phloem sap.  
Many published studies indicate that cross-kingdom, plant-mediated interactions 
can be important, even when pathogens and herbivores are separated spatially144. However, 
the role these or other interactions may play in the coinfection of soybean by Fv and 
soybean aphid was unknown. In this study, greenhouse, growth chamber, and field 
experiments were conducted to address three objectives. 1) Determine if infection of 
soybean by Fv affects the preference and/or performance of subsequent colonization by 
soybean aphid, 2) Determine if soybean aphid populations on soybean affect the foliar or 
root disease severity caused by Fv, and 3) Determine if simultaneous infection of soybean 
by Fv and herbivory by soybean aphid influences seed yield. To our knowledge this is the 
first investigation into potential interactions between Fv and soybean aphid.  
Materials and Methods 
Fusarium virguliforme inoculum and Aphis glycines populations.   
Single-spore isolates of Fv, Wa1-SS1, collected from a field in Waseca, MN166 and 
Ne305, collected from a field in Iowa, were used in these studies. The identity of the Wa1-
SS1 isolate was confirmed morphologically and by partial sequencing of the translation 
elongation factor-1α167, and the isolate Ne305 was confirmed as Fv with SNP sequencing 






to these studies, isolates were stored at 4°C in soil cultures from which subcultures were 
made and maintained on 0.5x potato dextrose agar (Difco Laboratories, Inc.) at 25°C in 
darkness for 4 weeks prior to production of inoculum183 for the studies. Inoculum was 
prepared by soaking sorghum seed soaked overnight, placing it into spawn bags with filter 
patches (Fungi Perfecti, Olympia, WA), and autoclaving twice.  Agar pieces containing Fv 
were added to each bag, which was sealed, mixed, and incubated at 24°C for 2 weeks. After 
the sorghum was thoroughly colonized with Fv, it was dried. Non-inoculated sorghum was 
prepared for control treatments in the same manner.  Soybean aphids used in these studies 
were taken from a laboratory colony maintained at the University of Minnesota-St. Paul184. 
Large-cage field study.  
Large-cage field studies were conducted in 2017 and 2018 at the University of 
Minnesota Research and Outreach Center in Rosemount, MN and at the Iowa State 
University Northern Research Farm in Kanawha, IA. At each location, 24 plots were 
divided into four treatments in a completely randomized design. Each plot was 2.5-meters 
long, consisting of two rows (row spacing of 76.2-cm) seeded at 345,000 seeds/ha. Spacing 
between adjacent plots was 1.4 meters. The soybean varieties used in this study were 
susceptible to both the soybean aphid and Fv. The cultivar MN1410 (developed by the 
University of Minnesota) was used in MN and Syngenta S24-K2 (Syngenta AG, Basel, 
Switzerland) in IA. Plots were planted on 8 May 2017 and 10 May 2018 in MN and on 24 
April 2017 and 18 May 2018 in IA. Treatments were (1) control plots with no aphids or 
Fv, (2) plots infested with aphids, (3) plots infested with Fv, and (4) plots infested with Fv 
and aphids. Fv treated plots (treatments 3 & 4) were infested at planting by adding 13 cc 






was added to non-inoculated plots (treatments 1 & 2). A pre-emergent herbicide was 
applied to manage weeds, and  hand weeding was performed to control weeds after growth 
stage VE. Starting ~ 2 weeks after planting in MN, plots were irrigated to receive at 
minimum 2.5 cm and 5.1 cm water per week in 2017 and 2018, respectively. Plots in IA 
received no supplemental irrigation.  
Plots were inspected for soybean aphids when plants reached growth stage V3. If 
found, soybean aphids were removed by hand or with insecticide applications when 
necessary. At the MN location in both years, soybean aphids infested the plots prior to 
cages being placed and had to be removed. In 2017 aphids were removed from MN plots 
by applying λ-cyhalothrin (116 ml product per ha, Warrior II with Zeon Technology, 
Syngenta, Greensboro, NC, USA) on 15 June, and a second application of a formulated 
mixture of λ-cyhalothrin and thiamethoxam (328 ml product per ha, Endigo ZC, Syngenta, 
Greensboro, NC, USA) was applied on 27 June. In 2018, MN plots were sprayed with a 
mixture of λ-cyhalothrin and thiamethoxam (328 ml product per ha, Endigo ZC, Syngenta, 
Greensboro, NC, USA) on 1 June to remove aphids. In both years at the IA location, aphids 
did not infest cages prior to the planned infestation date. Once plots were confirmed aphid-
free, PVC frames (1.5×2.5 m) were placed over each plot and enclosed with NO-SEE-UM 
mesh cages (Quest Outfitters, Sarasota, USA) to prevent natural aphid colonization. Mesh 
cages were held down by large sandbags (Fig. 3.1). 
Manual aphid infestation was performed at growth stage R3 at both locations. In 
2017, plots (treatments 2 & 4) were infested with 200 mixed-stage aphids (i.e., nymphs + 
wingless adults) on 17 July at both locations. In 2018, 400 mixed aged aphids were added 






divided into eight sampling sections, with four sections in each row (0.6 meter-length). In 
2017, a leaf cutting with 25 mixed-stage soybean aphids was pinned to the lower surface 
of the uppermost fully expanded trifoliate of one plant per section (8 per plot). In 2018, 
each section received two leaf cuttings (16 per plot). All infestations were made using 
aphids taken from a laboratory colony except for in MN 2018. Many cages were moved 
due to strong winds during a storm on 17 June 2018 in MN and as a result, three plots were 
naturally infested with soybean aphids prior to the planned infestation date. One plot 
exceeded the economic threshold of 250 aphids per plant and was removed from the study. 
Aphids from this plot were used to infest the aphid treated plots in MN 2018.  
Aphid populations were assessed weekly in MN in 2017 (6 June – 23 August), IA 
in 2017 (13 June – 23 August), MN in 2018 (25 June – 13 August) and IA in 2018 (5 July 
– 22 August). Mesh cages were removed briefly and replaced after aphids were counted 
from eight plants per plot (one randomly selected per section). In 2018, counts of natural 
enemies of aphids were recorded in the same manner.  
Plots were visually assessed for SDS foliar disease incidence (FDI) and severity 
(FDS) for each plot section weekly after initial symptoms appeared. FDI was rated as a 
percentage of plants that had SDS foliar symptoms, and FDS was rated on a 1-9 scale based 
on the percentage of chlorotic and necrotic tissue192. Using these parameters, foliar disease 
index (FDX) was calculated using the formula: FDI × FDS ÷ 9185 and FDX values were 
averaged for each plot. In 2017, the last sampling date was 37 days after initial aphid 
infestation in both locations. In 2018, the last sampling date was 35 and 38 days after initial 
aphid infestation for the MN and IA locations, respectively. On the last sampling date, 






section (16 total/plot) were sampled and visually assessed for root rot severity. Severity 
was based on a scale from 0 - 100 based on the percentage of the taproot with SDS-like rot 
symptoms. Soybean aphid counts and disease ratings were averaged for each plot (i.e., 
experimental unit). 
To confirm Fv infection, 50 % of the SDS plots were randomly selected and roots 
from these plots were subjected to real-time PCR (qPCR) for the specific detection of Fv. 
In addition, 6 % of plots non-infested with Fv were also tested to confirm that Fv infection 
did not occur. Roots were dried in a 95ºC chamber for 4 days and then ground with a Wiley 
Mill. DNA was extracted from 0.1g of the ground root samples using a modified 
FastDNA® protocol167, and qPCR was performed using a Bio-Rad CFX96 Real-Time 
System (software v. 4.1.2433.1219) with SsoAdvanced Universal Probes Supermix (Bio-
rad Laboratories, Hurcules, CA). Each well contained a 25-µl reaction mixture including 
12.5 µl of supermix, 1.125 µl of both primers FvIGS-F1/ FvIGS-R337, 2.5 µl of the 
probe FvIGS-Probe237, 2.75 µl of molecular grade water, and 5 µl of the DNA sample. 
Thermal cycling parameters consisted of 2 min at 50°C and 10 min at 95°C, followed by 
40 cycles of 15 s at 95°C and 1 min at 66°C37. Of the SDS plots subjected to qPCR, Fv was 
detected in 100% of the plots tested, indicating successful infection. Fv was not detected 
with qPCR in roots from non-infested SDS plots and no SDS foliar symptoms were seen 
in non-infested SDS plots. 
Plots were also harvested for seed yield. The IA plots were harvested with a small 
plot harvester and yields were reported as kg/ha for both years. Due to severe lodging in 
MN during both years, 10 plants were randomly harvested by hand, seed was collected 






Small-cage field study.  
A small field cage experiment was conducted at the University of Minnesota 
Research and Outreach Center in Rosemount, MN in 2017. The study was conducted as a 
randomized complete block design, with 10 replications (two per block) of four treatments. 
Treatments, field descriptions, and maintenance methods were the same as described for 
the large field cages in Rosemount, MN in 2017. The study was established on 24 April 
2017 and 3 seeds were hand planted (7.6 cm apart from one another) in each plot. Plots 
were spaced 0.9 meters apart. The soybean variety MN1410 was used and Fv treated plots 
were infested at planting (4 g of Fv-infested sorghum per linear foot). On 15 June 2017 
plots were thinned to one plant per plot, confirmed aphid-free, and caged with mesh over 
tomato cage frames. Soybean aphid plots were infested with 25 aphids per plant on 17 July 
2017 using the same methods described for the large-cage study. Data collection and 
sampling occurred between 24 July and 15 August 2017 and followed the methods used in 
the large-cage study.  
Greenhouse study.  
The study was conducted as a randomized complete block design, with six 
replications of four treatments. Treatments were the same as those in the large-cage field 
study. Fv treatments were infested at planting by adding and thoroughly mixing 50 cc of 
Fv infested sorghum with soil in each 10.2-cm square pot. Sterile non-infested sorghum 
seed was added to control pots in the same manner. Each pot contained two plants. At the 
V1 growth stage, plants were infested with aphids by wedging a small piece of leaf 
containing 10 mixed-age aphids in the uppermost node of each plant. After infestation, 






counts were determined weekly and FDI was visually assessed. At 18 days after aphid 
infestation, plants with intact roots were carefully removed from pots and soil was rinsed 
off. The fresh biomass of both plants (roots and shoots included) was recorded for each pot 
and root rot severity was visually rated as done in the field study. Soybean aphid counts, 
disease severity data, and fresh whole plant biomass were averaged for each pot.  This 
study was repeated, however, there was a lack of Fv infection and aphid infestation, and 
no useful data was obtained from the second replication 
Growth chamber study.  
The study was conducted as a randomized complete block design, with 20 
replications of two treatments. Treatments were Fv infested pots and control pots, all which 
were infested with aphids. The same Fv and aphid infestation methods were used as 
described for the greenhouse study. Ten Fv infested pots and 10 control pots, each with 
two plants per pot were randomized within each cage (i.e. block), which was enclosed with 
no-see-um mesh framed by PVC pipes (0.3 × 0.61 meters) (Fig. 3.3). Soybean aphid counts 
and root rot severity ratings were assessed as described for the greenhouse study. The final 
sample date was 18 days after aphid infestation. Data were averaged for each pot (i.e. 
experimental unit). 
Statistical analysis.  
In all studies, mean whole-plant aphid density was used to calculate cumulative 
aphid-days (CAD) which is an estimate of aphid abundance over time186. CAD data was 
transformed to log10 (x+1) to meet statistical assumptions in all studies except for the 
large-cage field study where no transformation was needed. Data from IA 2018 was not 






not be analyzed. Additionally, plots infested by natural aphid populations were excluded 
from analysis. Due to significant differences in variance for CAD between location-years, 
CAD data was analyzed separately for each location-year in the large-cage field study. 
Aphid growth rates were calculated separately for experimental units (i.e. plots in field 
studies and pots in the greenhouse study) by the slopes of the log-linear relationships of 
mean aphids per plant over time. Aphid growth rate was expressed as the mean log 
transformation of the number of aphids per plant per day. Treatments 2 (aphids only) and 
4 (Fv + aphids) were compared when examining the effect of Fv on soybean aphid. 
Comparisons of CAD and population growth rates between Fv-infested and Fv control 
treatments were made by using analysis of variance (ANOVA). Location-year, block, and 
cage were also included as terms in the ANOVAs for the large-cage field, small-cage field, 
and growth chamber studies, respectively. For the large-cage field study, differences in 
aphid population growth rates between location-years were detected and means were 
separated with Tukey’s HSD. Population growth rates were not analyzed in the growth 
chamber study.  
Treatments 3 (Fv only) and 4 (Fv and aphid) were compared when examining the 
effect of soybean aphid on Fv and SDS. In the large-cage field study, FDX was transformed 
to log10 (x+1) values prior to analysis, with FDX as the response. Comparisons of SDS 
root rot severity and foliar ratings between aphid-infested and non-infested treatments were 
made using ANOVA. Location-year, block, and cage were included as terms in the 
ANOVAs for the large-cage field, small-cage field, and growth chamber studies, 
respectively. Due to the lack of foliar symptom development, aphid effects on SDS foliar 






For plant biomass and yield data from the greenhouse and large-cage field studies, 
respectively, comparisons between treatments were made using ANOVA and means were 
separated with Tukey’s HSD. Further, yield data from MN 2017 and 2018 were combined 
for analysis and year and treatment were included as terms in the ANOVA. Due to 
differences in harvesting methods, yield data taken in IA 2017 were analyzed separately. 
All tests were performed in R version 3.6.1 and the significance level used was 0.05 for all 
statistical tests.  
Results  
Large-cage field study.  
Aphid population growth differed among location-years but was not influenced by 
Fv and the low levels of SDS that developed in the large-cage field study (Table 3.1 and 
Fig. 3.4). Neither the Fv treatment (F1, 22 = 0.21, P= 0.65) or interactions between Fv 
treatment and location-year (F2, 20 = 0.66, P= 0.53) influenced aphid population growth 
rates. Similarly, no effect of Fv treatment on CAD was measured in IA 2017 (F1,9=1.15, 
P=0.31), MN 2017 (F1,7=0.32, P=0.59), or MN 2018 (F1,4=0.24, P=0.65) (Fig. 3.4). 
However, aphid growth rates differed by location-year (F2,22= 13.28, P= 0.0002). Growth 
rates in MN 2018 were significantly higher than they were in IA (P=0.0009) and MN 
(P=0.00012) in 2017. Growth rates were not significantly different between MN and IA in 
2017 (P=0.48) (Fig. 3.4). Additionally, no statistical differences in predator populations on 
the last sampling date were detected between aphid and Fv + aphid treatments (Table 3.2). 
SDS root rot severity differed among location-years, but not between treatments 
with and without aphids (Table 3.1 and Fig. 3.5). The average root rot severity across the 






with Fv in the three location-years where SDS developed, the average root rot severity was 
58.3 ± 20.4 %. Root rot severity ratings were significantly higher in IA 2017 compared to 
MN 2017 (P=0.0012) and MN 2018 (P=0.00006). Root rot ratings did not differ 
significantly between 2017 and 2018 in MN (P=0.17). Aphid treatment (F2,22=0.11, 
P=0.74) and the interaction between aphid treatment and location-year (F2,20=0.098, 
P=0.91) had no effect on SDS root rot severity, but location-year alone was significant 
(F2,22=15.18, P<0.05) (Fig. 3.5). 
Aphid treatment and location-year had no clear effect on SDS foliar disease 
development (FDX). Neither aphid treatment (F1,22 =0.47, P=0.50) nor the interaction 
between aphid treatment and location-year (F2,20=0.10, P=0.90) was associated with the 
level of FDX (Table 3.1).  However, FDX differed significantly by location-year 
(F2,22=11.13, P=0.0005). FDX ratings were significantly lower in MN 2018 compared to 
IA 2017 (P=0.018) and MN 2017 (P=0.0002) but did not differ between IA 2017 and MN 
2017 (P=0.164) (Fig. 3.5).  
Soybean seed yield was not significantly influenced by SDS, aphids, or their 
interactions (Fig. 3.6).  Yield was not influenced by these treatments (F3,17 = 1.21, P=0.335) 
in IA 2017. Similarly, no effect of treatment (F3,30 = 1.57, P= 0.22) was observed on yield 
in MN 2017 or 2018, but year had a significant effect on yield (F1,30 = 7.81, P= 0.009). No 
interaction between treatment and year was detected (F3,27 = 0.55, P= 0.65) for the MN 
yield data (Fig. 3.6). 
Small-cage field study.   
Fv treatment did not have an effect on CAD (F1, 14=0.56, P=0.47) or on aphid 






Similarly, aphid treatment had no effect on SDS root rot severity (F4,14=0.002, P=0.97) 
(Fig. 3.8). The Fv infested plots had root rot severity ratings (49.8% ± 29.8% (± SD)) that 
were significantly greater (F1,78=114.4, P<0.001) than the non-infested plots (7.0% ± 
6.4%). SDS foliar symptoms did not develop in the inoculated plots in the small-cages. 
Greenhouse study.   
The Fv treatment significantly reduced aphid population growth rate (F1,10 = 9.44, 
P = 0.01), cumulative aphid days (CAD, F1,10 = 7.66, P = 0.02), and total aphids plant-1 
(F1,10 = 10.8, P = 0.008) in the greenhouse study (Table 3.4 & Fig. 3.9). CAD was reduced 
31.1%, growth rates were reduced by 11.7%, and total aphid count plant-1 at 18 DAI was 
reduced 42.9 % in the presence of Fv. Aphid treatment did not significantly influence SDS 
root rot severity (F1,5 = 0.9, P = 0.4) or foliar disease incidence (F1,5 = 0.51, P = 0.51) (Fig. 
3.10). The Fv infested pots had root rot severity ratings of 69.6 % ± 24.3 % (± SD) that 
were significantly greater (F1,22=82.3, P<0.001) than the non-infested plots (3.1 % ± 7.3 
%). Plant biomass (g/plant) varied significantly by treatment (F3,20= 6.69, P=0.003). The 
combined presence of Fv and aphids significantly reduced plant biomass by 37.4% 
compared to the control (P=0.007). The combined treatment also reduced biomass 
compared to plants infested only with aphids (P= 0.004) (Fig. 3.11).  
Growth Chamber Study.   
Fv treatment did not have an effect on cumulative aphid days (CAD, F1,37 = 0.09, P 
= 0.77) in the growth chamber study (Fig. 3.12). No foliar SDS symptoms developed over 
the duration of the study, but root disease developed in the Fv infested treatments. Plants 






significantly greater (F1,38=19, P<0.001) than those from the non-infested pots (4.9 % ± 
8.0%). SDS foliar disease symptoms did not develop in this study. 
Discussion 
   Multiple biotic stressors including F. virguliforme, the causal agent of SDS, and the 
soybean aphid reduce soybean production annually in the United States. F. virguliforme 
and aphids often co-occur on soybean, thus interactions may occur between these pests. In 
these studies, we challenged soybean plants in controlled and field-based studies with Fv 
and aphids alone and combined, and then evaluated their effect on SDS disease 
development, aphid growth, and soybean growth. Although evidence was found that Fv 
infection may negatively affect aphid growth rate and CAD in greenhouse studies, similar 
results were not measured in field studies. Overall, the results suggest that Fv and soybean 
aphids have minimal to no interaction with one another in the field while co-occurring on 
soybean when SDS develops at low levels, as was the cased in most of the location-years 
in this study.  We found no clear effect of soybean aphid herbivory on SDS foliar or root 
disease development in these studies, nor did we detect a clear effect of combined soybean 
aphid herbivory and Fv infection on soybean growth. 
When examining how Fv and soybean aphids may interact while sharing a host, our 
focus was on broader impacts. We were interested in identifying how simultaneous Fv 
infection and soybean aphid colonization shapes the outcome of disease development, 
attacker success (i.e. aphid population growth), and soybean growth. We addressed the 
questions of whether development of SDS foliar symptoms hasten when plants are 






performance of soybean aphids? Answers to these questions could greatly change the way 
we manage these pests.  
In the greenhouse study, aphid performance (growth rate & CAD) was reduced in pots 
infested with Fv. We know that early infection of roots by Fv leads to changes in gene 
expression and induction of ethylene and jasmonic acid production in soybean roots187 , as 
well as elevated salicylic acid levels in leaf tissues affected by Fv toxins188. Previous 
studies have also shown that effective defense responses to soybean aphid are mediated by 
salicylic acid and jasmonic acid pathways in resistant plants188,190.  Therefore, elevated 
levels of jasmonic acid due to Fv root infection and salicylic acid in leaf tissues due to toxin 
induced SDS symptoms may have caused the negative effects on soybean performance. 
However, before further studies are conducted to disentangle the possible roles of defense-
related hormones on Fv-aphid interactions, this study should be repeated to confirm that 
Fv infection can consistently reduce aphid performance under controlled conditions.  
In addition, our greenhouse study did not reflect the variation and complexity in the 
field, where Fv had no detectable influence on aphid performance. Uncontrolled 
environmental factors in the field could have masked potential negative effects of Fv 
infection on soybean aphid performance. One such important factor could be temperature 
which can influence soybean aphid growth191. We kept temperature constant in the 
greenhouse study but were unable to control temperature fluctuations in the field, which 
could have contributed to the different outcomes between the greenhouse and field studies. 
In addition to changes in insect performance, root infections can alter the preference 
of aboveground insect attackers192,193. In fact, in a previous study the soybean cyst 






soybean aphid during its initital colonization of soybean, with alates prefering non-infected 
control plants compared to SCN infected plants192. Knowing this we designed our growth 
chamber study so that our results would capture the overall effect that Fv infection has on 
aphids including both changes to aphid preference and performance. We did this by 
allowing aphids to move freely between Fv-infested and non-infested pots. However, by 
taking this broader approach we could not conclude how Fv infection influenced aphid 
performance and preference during initital infestation. To do this a choice-test would need 
to be conducted where disease free and Fv-infected plants are presented to soybean aphids,  
and population counts would need to be taken hours after infestation (vs. ours where counts 
were taken days after)192. In conclusion, additional studies under more conditions are 
needed to examine whether Fv infection influences aphid preference.  
No clear effect of aphids on SDS foliar or root symptom development was detected in 
any of our studies. We did not observe more or less foliar or root disease in the Fv + aphid 
treatment compared to plants challenged with Fv alone. Sudden death syndrome foliar 
disease symptoms did not consistently develop in these studies, which made it challenging 
to determine whether aphid herbivory affected foliar disease development. The 
inconsistency in SDS foliar disease development is not uncommon, partially because foliar 
symptoms are dramatically influenced by the abiotic environment7. In addition, aphid 
herbivory did influence SDS root rot in our studies. High levels of SDS root rot developed 
in the Fv infested treatments in all studies, indicating successful infection by Fv.  Although, 
other pathogens can produce root rot symptoms, we inferred that the root rot was primarily 
due to Fv infection based on the much greater levels of root rot in infested treatments 






The outcome of plant-mediated interactions between Fv and aphids may vary with the 
intensity of damage inflicted by attackers144. For example, the outcome of the interaction 
between soybean aphid and SCN is density dependent. It was found that nematode 
populations increase during low to moderate levels of aphid herbivory, and nematode 
populations decline when aphids heavily colonized plants194,195. This is possibly due to 
increased competition between the pests for limited resources196. Because interaction 
outcomes are likely to vary across severity gradients, our studies provide a partial picture 
of interactions between Fv and soybean aphid.  In all studies, potential effects of severe 
levels of SDS foliar symptoms on aphid growth could not be evaluated due to the lack of 
severe foliar disease development. Low levels of foliar symptoms developed in the large-
cage field study (Maximum FDX score < 50) and greenhouse study (maximum FDI rating 
< 50%), and no foliar symptoms developed in the individual field cage or growth chamber 
studies. In future investigations, Fv-aphid interactions should also be evaluated across 
different levels of SDS disease severity and aphid herbivory.  
Although cross-compartment indirect interactions between these two organisms 
were the focus of this study, other more complex interactions may also be at work141. 
Infection by pathogens can modify the interaction between herbivores and their natural 
enemies, which has been reported previously, although not for cross-compartment 
interactions156,163,164. For example, Brassica rapa plants infected with powdery mildew 
produce significantly less volatiles in response to feeding by the herbivore Pieris brassicae. 
In response, Cotesia glomerate, a parasitic wasp of P. brassicae, was less attracted to 






infected plants may be a survival strategy for P. brassicae165.  It is not known how Fv may 
affect host volatiles, which may be an important area for future research.  
We attempted to exclude natural enemies from our field studies with mesh cages, 
but they were not entirely effective. This was not unexpected because mesh cages often do 
not completely exclude all aphid natural enemies in natural ecosystems197. In MN 2018, 
low numbers of ladybeetles (Coccinellidae), minute pirate bugs (Orius insidiosus), and 
predatory flies (Syrphidae) were documented. Parasitoid wasps belonging to the 
Braconidae and Aphelinidae families were the most frequently observed natural enemies 
in the cages. However, in the location-year that parasitism was recorded for large-cages 
(MN 2018), only low levels of parasitism were observed compared to levels observed on 
other mesh caged studies200. Given the low numbers of natural enemies, we considered any 
predatory effects negligible on aphid populations. Although natural enemy counts were not 
recorded in 2017, the same natural enemies were observed as in 2018. Future studies may 
wish to address the effects of natural enemies on interactions between Fv and aphids.  
In the greenhouse study, the combination of Fv and aphids reduced soybean plant 
biomass compared to control plants. The Fv-only treatment did not significantly reduce 
biomass compared to control plants and caused reductions similar to that measured in 
plants challenged with Fv + aphids. In contrast, the aphid-only treatment did not cause 
significant reductions in biomass compared to control plants and plant biomass was 
significantly higher compared to the combined Fv + aphid treatment. This suggests that Fv 
infection was likely the primary factor contributing to the reduction of biomass in the 
combined treatment. Although aphids alone did not reduce plant biomass in this study, they 






concentrations121, not captured by our biomass measurement. In cases where soybean aphid 
populations are low and no visible injury symptoms are present, injury to soybean can 
occur via reductions in photosynthesis116. Also, our greenhouse study was short term and 
did not capture potential long-term effects of Fv infection and soybean aphid feeding on 
yield and plant biomass that may occur when plants reach maturity120, 166, 174. 
Sudden death syndrome and aphids can both significantly reduce soybean seed yield in 
the field121,175–177. However, our attempts to quantify the interaction of Fv infection and 
aphid herbivory on seed yield under field conditions in this study produced unclear results. 
Due to complications in harvesting techniques and data analysis, no effects of treatment on 
yield were detected in either location. In addition, the aphid populations and SDS foliar 
disease levels that developed in our study likely did not reach high enough levels to cause 
significant yield reductions175,177 and thus effects on yield were likely too small to detect. 
Future work will need to address the combined effect of soybean aphid feeding and SDS 
disease on soybean production.  
In summary, this study provides insights into interactions that may exist between 
Fv and soybean aphid. Our results suggest that Fv and soybean aphids have minimal to no 
interactions with one another while co-occurring on soybean under the conditions and 
disease levels evaluated in the field studies . However, multiple, complex interactions may 
shape the outcome of the Fv-aphid interactions investigated in this study. Interactions 
among different types of organisms that simultaneously infect the same and different 
organs on plants is an important and understudied topic for research that could lead to 
breakthroughs in understanding the ecology, production risks, and management of multiple 






Table 3.1. Effect of Fusarium virguliforme (Fv) and Aphis glycines on aphid population growth and sudden death syndrome (SDS) root 
rot and foliar disease development in large microplot field studies. a 
a No significant differences (α=0.05) in cumulative aphid days, total aphids, aphid growth rate, root rot severity or foliar disease index were 
detected between treatments, but there were significant differences between location-years (shown in Figures 3.4 and 3.5).  
b MN = Rosemount, MN and IA = Kanawha, IA.  
c Treatment: aphid=infested with A. glycines; Fv + aphids= infested with Fv and A. glycines; Fv=infested with Fv; (control not shown) 
d Values represent the means ± SD. 
e Plot averages of total aphid count plant-1 converted to CAD over the sample dates186. 
f Total aphid count plant-1 on the last sampling date 
g Aphid growth rate estimated by the slopes of log-linear relationships of mean aphid abundance plant-1 within plots overtime.  
h Rated on a scale from 0 (no root rot) to 100 (root completely rotted) 
i Foliar disease index (FDX) of SDS was calculated using the formula FDX=FDI x FDS/9185. Disease incidence (FDI) was estimated as the 
percentage of plants in a plot with SDS foliar symptoms. Disease severity (FDS) was scored on a 0-9 scale based on the percentage of 
chlorotic and necrotic leaf tissue and premature defoliation. SDS foliar disease was not observed in Kanawha, IA 2018 (data not included in 
analysis).
Location  
year b Treatment c n 
Cumulative  
Aphid Days e Total aphids f 
Aphid 
growth rate g Root rot (%) h 
Foliar  
Disease Index i 
IA 2017 Fv + aphid 5 1827.8 ± 644.2 d 214.5 ± 122.2 0.057 ± 0.01 77.5 ± 9.3 8.3 ± 3.8 
 aphid 6 2246.6 ± 685.5 201.8 ± 94.0 0.052 ± 0.004 --- --- 
 Fv 4 --- --- --- 78.5 ± 12.0 10.8 ± 11.1 
MN 2017 Fv + aphid 5 2903.0 ± 1970.6 289.0 ± 216.2 0.054 ± 0.01 50.0 ± 20.9 22.0 ± 14.1 
 aphid 4 1881.4 ± 866.3 133.9 ± 73.2 0.047 ± 0.01 --- --- 
 Fv 6 --- --- --- 54.5 ± 16.33 20.0 ± 18.2 
MN 2018 Fv + aphid 3 30248.3 ± 46290.7 2038.2 ± 2230.2 0.081 ± 0.02 40.3 ± 11.6 2.8 ± 3.5 
 aphid 3 9585.9 ± 9733.2 1545.8 ± 1265.8 0.102 ± 0.03 --- --- 






Table 3.2. Natural enemies of the soybean aphid, Aphis glycines, counted at weekly intervals in large soybean microplot field studies 
infested with aphids or aphids and Fusarium virguliforme (Fv).a 
a Counts of natural enemies from cages in Rosemount, MN 2018. There were no significant differences (α=0.05) in predator counts 
between aphid and Fv + aphid treatments at 0, 7, 14, 23, and 28 days after A. glycines infestation. 
b Natural enemy: Black mummies = aphids parasitized by Aphelinidae; brown mummies = aphids parasitized by Braconidae; lady 
beetles = Coccinellidae (adult, larvae, pupae), minute pirate bugs = Orius insidiosus (adult), predatory flies = Syrphidae (adult, 
larvae). 
c Treatment: aphid = infested with A. glycines; Fv + aphid = infested with Fv and A. glycines; Fv = infested with Fv (data not shown) 
and unchallenged control (data not shown) 
d Values represent the mean ± SD of counts plant-1. 
e Number of days after A. glycines infestation.  
Natural enemy b Treatment c Day 0 e Day 7 e Day 14 e Day 23 e Day 28 e 
Black mummies aphid 0.0 
d 0.0 0.0 0.7 ± 2.7 12.8 ± 15.8 
 Fv + aphid 0.0 1.0 ± 3.6 0.3 ± 0.74 3.2 ± 6.2 9.0 ± 14.9 
Brown mummies aphid 0.0 0.0 0.00 0.2 ± 0.5 1.2 ± 2.7 
 Fv + aphid 0.0 0.0 0.04 ± 0.20 0.8 ± 3.1 1.0 ± 3.8 
Lady beetles  aphid 0.0 0.0 0.00 0.0 0.9 ± 2.6 
 Fv + aphid 0.0 0.1 ± 0.5 0.08 ± 0.41 0.7 ± 1.8 0.5 ± 1.0 
Minute pirate bugs  aphid 0.0 ± 0.2 0.0 ± 0.2 0.13 ± 0.34 0.2 ± 0.6 0.7 ± 0.9 
 Fv + aphid 0.1 ± 0.3 0.0 ± 0.2 0.08 ± 0.28 0.1 ± 0.4 0.8 ± 1.1 
Predatory flies  aphid 0.0 0.0 0.00 0.0 ± 0.2 0.0 ± 0.2 






Table 3.3. Effect of Fusarium virguliforme (Fv) and Aphis glycines on aphid population growth and sudden death syndrome (SDS) 
development on soybean in the small-cage field study.a 
a There were no significant differences (α=0.05) in aphid populations between aphid and Fv + aphid treatments or in SDS root rot 
severity between Fv and Fv + aphid treatments 
b Treatment: aphid=infested with A. glycines; Fv + aphids=infested with Fv and A. glycines; Fv=infested with Fv; (control not shown). 
cValues represent the means ± SD. 
d Plot averages of total aphid count plant-1 converted to CAD over the sample dates186. 
e Total aphids plant-1 on the last sampling day. 
f Aphid growth rate estimated by the slopes of log-linear relationships of mean aphid abundance plant-1 within plots overtime.  
g Rated on a scale from 0 (no root rot) to 100 (root completely rotted) 
 
 
Treatment b n Cumulative Aphid  Days d Total aphids 
e Aphid  
growth rate f Root rot (%) 
g 
Fv + aphid 10 14,693 ± 10,978 c 1,922 ± 1,619 0.13 ± 0.02 50.0 ± 26.1 
aphid 10 11,794 ± 8,032 1,295 ± 1,121 0.12 ± 0.03 5.5 ± 3.7 






Table 3.4. Effect of Fusarium virguliforme (Fv) and Aphis glycines on aphid population growth and sudden death syndrome (SDS) 
development on soybean under greenhouse conditions.  
t Treatment: aphid = infested with A. glycines; Fv + aphid = infested with Fv and A. glycines; Fv = infested with Fv; Control = non-
infested. 
u Means (± SD) in the same column marked with the same letter are not significantly different (α=0.05). 
v Total aphid count plant-1 converted to CAD over the sample dates186. 
w Total aphid count plant-1 18 days after infestation.  
x Aphid growth rate estimated by the slopes of log-linear relationships of mean aphid abundance plant-1 within pots overtime. 





Treatment t n 
Cumulative  
Aphid Days v Total aphids 
w Growth rate x Root rot (%) y 
Foliar disease 
severity z 
Fv + aphid 6 2410 ± 756 au 373± 87 a 0.09 ± 0.01 a 73.8 ± 28.3 a 17.9 ± 12.5 a 
aphid 6 3498 ± 579 b 653 ± 190 b 0.10 ± 0.01 b 3.3 ± 8.2 --- 
Fv 6 --- --- --- 65.4 ± 21.4 a 24.6 ± 19.6 a 






Table 3.5. Effect of Fusarium virguliforme (Fv) and Aphis glycines on aphid population 
growth and sudden death syndrome (SDS) root rot severity on soybean under growth 
chamber conditions. a 
a There were no significant differences (α=0.05) in CAD, total aphids, or root rot severity 
between treatments.  
b Treatment: aphid = infested with A. glycines; Fv + aphid = infested with Fv and A. 
glycines; Fv = infested with Fv (not shown); control = non-infested (not shown). 
c Values represent the means ± SD 
d Total aphid count plant-1 converted to CAD over the sample dates186. 








Treatment b n Cumulative 
Aphid Days d 
Total aphids e Root rot (%) f 
Fv + aphid 20 3098 ± 722 c 380 ± 138 21.6 ± 15.2 








Figure 3.1. Caged microplots used to study interactions between Fusarium virguliforme 
and Aphis glycines on soybean in field studies. Plots were uncaged weekly to determine 
































Figure 3.2. Individually caged pots used to study interactions between Fusarium 

















Figure 3.3. Cages used to study interactions between Fusarium virguliforme and Aphis 













Figure 3.4. Effect of Fusarium virguliforme (Fv) on Aphis glycines population growth on 
soybean in large-cage field studies. The means ± SD of aphid growth rate plant-1 (A) and 
log transformation (x+1) of cumulative aphid days (CAD) plant-1 (B) are shown. In all 3 
location-years, there were no significant differences (α=0.05) in aphid growth rates or 
CAD between aphids and Fv + aphid treatments, but differences in aphid growth rates 
were seen between location-years. In panel A, location-years with the same letter are not 












































Figure 3.5. Effect of Aphis glycines on soybean sudden death syndrome (SDS) root rot 
and foliar disease severity in large cage field studies. The means ± SD of root rot severity 
per plant (A) and foliar disease index (FDX) per plot (B) are represented. In all three 
location years, there were no significant differences (α=0.05) in root rot severity or FDX 
between Fv and Fv + aphid treatments.  Within panels A and B, location-years with 








































Figure 3.6. Soybean seed yield in large-cage field studies infested with different 
combinations of Fusarium virguliforme (Fv) and Aphis glycines (aphids). The means ± 
SD of bushels/acre from Kanawha, IA 2017 (A) and seed weight (g) ten plants-1 from 
Rosemount, MN (2017 & 2018) (B) are shown. There were no significant differences 


































Figure 3.7. Effect of Fusarium virguliforme (Fv) on aphid population growth on soybean 
in a small-cage field study. The means ± SD of aphid growth rate per plant (A) and 
cumulative aphid days per plant (B) are represented. There were no significant differences 































Figure 3.8. Effect of treatment with Aphis glycines on soybean sudden death syndrome 
(SDS) root rot severity in a small-cage field study. Values represent the means ± SD. There 




















Figure 3.9. Effect of treatment with Fusarium virguliforme (Fv) on aphid population 
growth on soybean under greenhouse conditions. Values represent the means ± SD of 
aphid growth rate per plant (A) and cumulative aphid days per plant (B). Aphid growth 

































Figure 3.10. Effect of Aphis glycines on soybean sudden death syndrome (SDS) root and 
foliar disease development under greenhouse conditions. The means ± SD of root rot 
severity per plant (A) and foliar disease severity (FDS) per plant (B) are shown. There were 
no significant (α=0.05) differences in root rot severity or foliar disease severity between 

































Figure 3.11. Effect of Fusarium virguliforme (Fv) and Aphis glycines on soybean biomass 
under greenhouse conditions. Values represent means ± SD of fresh biomass (g) per plant 
















Figure 3.12. Effect of treatment with Fusarium virguliforme (Fv) on aphid population 
growth on soybean under growth chamber conditions. Values represent means ± SD of 
cumulative aphid days per plant. There were no significant (α=0.05) differences in 
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